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Abstract 
 
Vacuum Ultraviolet Enhanced Atomic Layer Etching, and Area 
Selective Atomic Layer Deposition for Next Generation Nanofabrication 
 
Brennan Muir Coffey, Ph.D. 
The University of Texas at Austin, 2020 
 
Supervisor:  John G. Ekerdt 
 
Novel nanofabrication methods for area-selective (AS) deposition and atomic layer 
etching (ALE) are presented. The aims of these methods are to facilitate the integration of 
metal assisted chemical etching (MACE), and electroless Cu deposition into devices such 
as FinFETs, transparent conductive electrodes (TCEs), and patterned photonic structures, 
which are ubiquitous in next generation nanotechnology, and flexible electronics. MACE 
and electroless Cu deposition require high quality metal catalyst (e.g., Pd, and Ru) patterns 
for their implementation, however, ALE methods to remove metals are limited, and 
difficult to control on an atomic scale. Additionally, no ALE methods currently exist that 
offer selectivity to remove undesired metal deposition regions, while leaving desired 
regions largely untouched. Two solutions are presented to ameliorate these difficulties: the 
first demonstration of vacuum ultraviolet (VUV) enhanced ALE, which has the potential 
to remove one atomic layer of Pd and Ru at a time, while also being selective to undesired 
Pd and Ru deposition; and the second, is to control deposition using AS atomic layer 
deposition (ALD) for photonic devices to desired regions alone, circumventing the need 
for patterning the challenging to etch BaTiO3, while still allowing surface phase epitaxy. 
  ix 
The first demonstration of VUV ALE is shown, where etching of Pd and Ru is 
achieved at 100 – 150 °C, with approximate material removal rates of 2.8, and 1.2 Å/cycle, 
respectively. Etching is accomplished using an oxidation half-cycle, consisting of co-
exposure of the metal substrate to VUV and O2 at 1 Torr for 2 – 5 min, followed by an 
etching half-cycle, consisting of exposure to 0.50 Torr of HCOOH for 30 sec. Density 
functional theory (DFT) is used to explore oxidation mechanisms on Pd and Ru. DFT 
results indicate all oxidants readily incorporate into the surface of both metals, however, a 
large of concentration of atomic O in the near surface region is required to form an oxide 
that can be removed by HCOOH exposure. Nudged elastic band (NEB) calculations 
indicate this is due to difficulty in forming subsurface oxides when a surface oxide is 
present on Pd, as well as Ru. True self-limiting behavior is predicted, and observed for Ru 
ALE, while the amount of Pd etched is controlled with the temperature and time of VUV/O2 
co-exposure. Additionally, selectivity in oxidation, and thus material etched, is observed 
on Pd, and Ru, where at co-exposure times less than 2 min, Pd will not oxidize if it is a 
continuous (low surface area) thin film, while discontinuous Pd will oxidize. Ru etch rate 
is decreases as etching is performed, indicating that as roughness decreases (with ALE 
cycles), longer oxidation times are required to achieve oxidation. This is amenable to the 
fabrication of the TCE, which requires selectivity between undesired and desired 
deposition, and patterning of Pd or Ru catalyst layers. 
Finally, AS-ALD of difficult to pattern crystalline BaTiO3 (BTO) is presented, 
where patterns are defined with one lithographic patterning step. Epitaxial crystallization 
to form a single crystal film with an out-of-plane c-axis orientation, should be observed 
after AS patterning. This process could eliminate the need for post-growth etching for 
devices in, for example, Si photonic device fabrication. 
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Chapter 1: Introduction 
1.1.CHALLENGES AND STATE OF THE ART IN DEVICE FABRICATION  
The state of the art in nanotechnology has been driven by a seemingly endless push 
to make device critical dimensions as small as possible. This is captured in the prediction 
by Gordon Moore, who hypothesized the density of transistors in a microchip would 
approximately double every two years to keep pace with demands of technology.1 This has 
held true from the 1960s through the early 2010s, when devices began to reach physical 
limits owing to the fact that there are on the order of tens of atoms that constitute the critical 
dimension of a device. This fundamental limit poses a unique challenge to the 
semiconductor industry, where complex devices, three-dimensional structures, and exotic 
materials are allowing continued improvements – without the need to continually scale 
down dimensions.  
Of interest in next generation nanofabrication are processes offering a high degree 
of control over deposition and removal of materials. One such method that could be 
important in novel memory and logic devices is metal assisted chemical etching (MACE).2–
6 MACE allows high fidelity features (aspect ratio >150) to be etched into Si2,7 once 
patterning of a MACE-active catalyst (Pd, Co, Ni, Fe, Ru, Pt)2,8,9 is completed. Another 
method of importance to nanofabrication is electroless Cu deposition, which deposits high 
quality Cu where a catalyst (Pd, Pt, Sn, Ag, etc.) is present.10–13 Currently widely applied 
in the front end of the line interconnect fabrication, electroless deposition is amenable in 
roll-to-roll processing, low temperatures for flexible electronics,14 and has applications 
ranging from fuel cells to interconnect fabrication.15,16  
Devices whose fabrication is complemented by MACE and electroless Cu 
deposition are shown in Figure 1.1. MACE is suited to creating high aspect ratio Si features, 
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such as those that comprise logic and memory devices such as FinFETs,2,3 and 3D NAND 
memory5 (Figure 1.1(a)). Despite its potential, MACE has not been adopted industrially, 
as Au is the most widely used catalyst, which is not CMOS compatible. Recent work has 
shown that CMOS compatible Ru and Pd are alternative MACE active catalysts, which 
may be important to industrial incorporation of MACE processing.8,17,18 Similarly, 
electroless deposition of Cu typically uses a metal catalyst to create high quality Cu 
patterns. These patterns are important in wearable electronics, and flexible display 
technologies, such as the transparent conductive electrode (TCE) as seen in Figure 1.1(b) 
(taken from Ref 14). Because Cu nucleates on all catalyst present, fine control over desired, 
and undesired catalyst growth regions is necessary. As both MACE and electroless 
deposition necessitate well-defined metal catalyst patterns, etching of the platinum group 
catalysts, Pd, and Ru, is required.  
An alternative to challenges associated with patterning is the direct deposition of 
material in desired growth regions, with high selectivity against growth in undesired 
regions. This is amenable to devices such as the TCE, or those containing materials 
sensitive to patterning methods (i.e., plasmas),19 or have etch products with low volatility. 
One such application of direct deposition is for Si photonics, such as wave guides, which 
is shown in Figure 1.1(c) using SiN, taken from Ref 20. Si wave guides are fabricated using 
optoelectronic perovskites such as BaTiO3 (BTO), which must be monolithically integrated 
onto Si,21,22 and have excellent crystalline quality for ferroelectric behavior.23 Patterning 
of BTO typically uses Cl or F containing plasmas.24 However, patterning of both produces 
halogenated products that have low volatility and remain on the surface,25,26 which makes 
pattern definition, and selectivity during the etch, challenging. Thus methods to circumvent 
patterning challenges, such as area-selective (AS) deposition, are of great interest not only 
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to catalyst pattern definition in MACE, and electroless Cu deposition, but Si wave guide 




Figure 1.1. Applications for MACE, electroless Cu deposition, and AS deposition are 
shown. (a) is a FinFET, showing the Si fin beforehand that could be 
developed with MACE, (b) is a hexagonal transparent conductive electrode, 
where Cu contacts are lighter on the darker background, (c) is a SiN 
waveguide fabricated on an SiO2 substrate, where the intensity of a light 
wave propagating in the material is indicated in the SiN with color. (a), (b), 
and (c), are taken from 2, 14, and 20, respectively. 
While there are many opportunities for MACE, electrodeposition, and AS 
deposition, there are numerous barriers to their eventual implementation in fabrication of 
FinFETs, TCE devices, and wave guides. One challenge with MACE is removing the 
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platinum group metal catalyst after MACE has been performed, and minimizing porosity 
in the resulting Si, and eventual device.27 There is a similar difficulty with electroless Cu 
deposition, which requires all undesired Pd nucleation sites to be removed before 
deposition occurs, to minimize Cu growth in undesired regions. It is crucial to have 
selectivity to remove the undesired deposition, while leaving desired deposition regions 
relatively unaffected. However, highly controlled patterning of metals remains 
challenging, methods are limited, and patterning is typically accomplished using plasmas 
that create strongly oxidative environments. Ion milling may also be used, however, 
redeposition of masking material, and selectivity issues due to its non-chemical nature must 
be dealt with. Additionally, as nanofeatures become increasingly complex, patterning often 
involves multistep lithographic, or complex etch-back schemes to realize complex 
structures, which can be prohibitive from a cost perspective. This point is a challenge for 
the state of the art in etching platinum group metals, such as Pd, and Ru. 
Area-selectivity (in etching) to desired and undesired regions is not limited to 
controlling Cu plating for TCE fabrication, as limiting growth to desired growth regions is 
also a significant challenge for many materials. AS deposition is attractive for devices that 
are comprised of difficult to etch materials, or require complex etch-back, or sacrificial 
layer schemes, like those required to fabricate BTO photonics.28–31 There is another 
challenge associated with AS methods, specifically for photonics, that require pristine films 
and template layers for crystallization of the functional material.29,32 Effects of the AS 
process on epitaxial crystallization must be understood as deposition, and removal, of 
blocking layers has an unknown effect on the resulting functional material. Generally, these 
needs have led to an ever-expanding interest in AS deposition methods that exploit surface 
modification to render regions of the surface inert toward reagents used to grow a film or 
layer. 
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Overall this work focuses on nanofabrication methods for the etching and 
deposition processes to ameliorate difficulties with the current state of the art. Specifically, 
methods focus on the controlled etching of Pd, and Ru, as well as demonstrating etch 
selectivity to desired/undesired growth regions. Additionally, AS deposition for difficult 
to etch materials like BTO is a focus, where crystallization of the resulting film is 
investigated after subjecting substrates to AS patterning methods. 
 
1.2.CATALYST PATTERNING FOR NANOFABRICATION 
Patterning of features, specifically etching or depositing a material with selectivity, 
is a significant obstacle in realizing many next generation devices. MACE is one technique 
that has the potential to define high fidelity nanostructures with high aspect ratios, 
particularly useful in FinFETs and 3D NAND memory devices. MACE, as discussed 
above, is a wet chemical etch, that oxidizes Si immediately beneath a catalytic metal layer. 
The proposed mechanism for MACE is shown in Figure 1.2 (taken from Ref. 9), where the 
relative potentials of each half reaction, and band positions of the Au and Si layers are 
indicated in (a), (b), and (c), while the mechanistic etching reactions are shown in (d), and 
(e) for n-Si, and p-Si, respectively. The metal catalyst in MACE facilitates reduction of an 
oxidant in the solution phase, typically H2O2. Reduction of the oxidant species injects holes 
(h+) in the metal layer that are then are trapped at, or transported away from, the interface 
of the metal and underlying Si (Figure 1.2(d), and (e), respectively). Si in contact with the 
catalytic layer is oxidized in a reduction-oxidation reaction to form SiO2. Once SiO2 is 
formed beneath the catalyst layer, HF2- (or H2SO4 depending on the demonstration) etches 
SiO2, forming the etch product. The metal catalyst is then exposed to Si beneath the 
removed SiO2 layer to continue the etch. MACE results in a continuous etch, that, with fine 
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control over which surfaces are oxidized, can yield high aspect ratio features for FinFETs 
or other devices. As the metal catalyst dictates what is oxidized in the MACE mechanism, 
high control over catalyst patterning is required. However, the two MACE catalysts of 
interest (that are also CMOS compatible) are Pd and Ru, whose patterning is especially 
challenging.  
 
Figure 1.2. (a) Schematic of reduction potentials of the two MACE half-reactions 
relative to the standard hydrogen electrode, VSHE. (b, c) Band-diagram of 
Au–Si interface for n-type and p-type Si, respectively, showing the behavior 
of hole carriers injected by the reduction of H2O2. (d, e) Schematic of the 
resulting morphology of MACE for n-type and p-type Si, respectively. 
Taken from Ref. 9. 
 
Similar to the requirement of a catalyst for MACE, electroless Cu deposition also 
requires a Pd catalyst to facilitate deposition, where Cu is known to nucleate on Pd before 
other surfaces.10,15 Therefore, in the scheme enabling the TCE with electroless Cu 
deposition, clearing all non-growth areas of Pd is central to creating a TCE with well-
defined geometries to yield good optical properties (e.g., haze, and transparency).33 
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Wet etching of platinum group metals has been demonstrated for Pd, using FeCl3 
solutions,34 acetylacetone (acac), and hexafluoroacetylacetone (hfac), 35 and acidic Ce4+ 
solutions for Ru.36 While wet etching methods can yield high quality structures, the etch 
rate is difficult to control on an atomic scale. Dry etching methods are an alternative that 
can offer atomic level control via surface reactions, that can be self-limiting. Dry etching 
of Pd, and Ru are known to proceed by combining strong oxidants, such as O, with vapor 
phase etchants.37 Atomic O is produced using a plasma (usually either capacitive or 
inductive plasma), where the oxides formed are usually PdOx, RuO2, or RuO4. PdOx and 
RuO2 can be etched by exposure to Cl or F containing plasmas,34,38–40 CHF3/Ar,40 ethanol,41 
or acac, and hfac,35 while is RuO4 (formed by O3) is volatile, and will sublime thermally.42  
Despite the prevalence of plasma-based etching methods, use of certain plasmas may not 
be compatible with certain materials/structures,43 photoresist can be damaged, or poor 
selectivity is observed due to the production of etch products with low volatility (such as 
those produced in etching BTO).25,26 Additionally, O2 plasmas have an anomalous effect 
on MACE, where the structures are more porous after plasma exposure, which can impede 
device function, and yield.18 These difficulties imply a need for a non-plasma oxidation 
scheme that allow the controlled etching of platinum group metals. An additional benefit 
would be the selectivity to desired and undesired growth regions. 
The current state of the art also uses ion milling to generate patterns, like those 
observed in the Si wave guide. Ion milling can offer good anisotropy and pattern definition 
at the atomic level using EUV,19 or electron beam lithography.44 However, ion milling is a 
physical etching process that sputters material non-selectively. While ion milling is a staple 
of pattern definition in lithography, redeposition of sputtered material, difficult scalability 
(if using an electron beam for pattern definition), and no chemical selectivity, make it a 
difficult technique to conform to the requirements of next generation devices alone. 
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1.3.ATOMIC LAYER ETCHING 
Similar to the plasma-based methods that continuously remove Pd, and Ru, self-
limiting control via surface chemical reactions has also been demonstrated. Control is 
obtained by cycling reactants, wherein each cycle a self-limiting saturation step is 
achieved. In this way only the layer that is modified in the self-limiting step is etched. This 
process is known as atomic layer etching (ALE), and is seen in Figure 1.3. ALE is named 
due to the fact that, in a perfect demonstration, half-steps would saturate at a monolayer, 
and the maximum amount of material removed would be limited to the monolayer that is 
modified. This offers greater control over the removal of, for instance Pd or Ru, however, 
there is difficulty in achieving large etch rates, and maintaining selectivity to the to-be-
etched material over side reactions, and metal etching techniques are limited.35 Typically, 
ALE is accomplished by activating the surface or near surface layer with a chemical 
treatment, reactant A, capable of changing the oxidation state of the metal (i.e., making the 
metal more reactive) (Figure 1.3(a), and (b)). Once surface sites are occupied, no further 
reaction can proceed. Following an inert gas purge, the activated layer is then removed 
using an energetic impetus, reactant B (Figure 1.3(c), and (d)) which is usually a plasma. 
A combination of ion energy, and reactive gas species complete the reaction on the surface 
to produce a volatile etch product. The modified layer created by exposure to reactant A 
(typically a metal halogen species) cannot sublime thermally, and requires B to be removed 





Figure 1.3. A general ALE scheme is shown where four steps comprise one ALE cycle: 
(a) the bare surface before etching is performed is shown where unmodified 
atoms are shown in blue, (b) the modified surface is shown in red atop 
unmodified substrate with some activation step, (c) through some excitation 
step, the modified surface is made to sublime from the surface, which results 
in (d), removal of the modified surface, and establishing a surface of the 
same starting quality for continued ALE cycles. 
Recent advances within ALE have demonstrated that etching does not necessarily 
have to proceed using an energetic impetus in the form of a plasma, and that thermal ALE 
is possible with careful choice of reactants and etching conditions. Seminal work 
demonstrating the ALE of Al2O3 using sequential exposures to a fluorinating species, HF-
Pyridine, and a molecule to participate in ligand exchange with the fluorinated surface 
species, a metal b-diketonate, (tin(II) acetylacetonate, Sn(acac)2)45,46 has spurred many 
thermal ALE studies. There have also been limited demonstrations of the amalgamation of 
plasma and thermal ALE to etch more challenging materials, such as AlN, where the etch 
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is facilitated by the use of an H2 plasma to help sublime the etch product, AlF3, from the 
surface.47  
In demonstrations of ALE of noble metals, an O2 plasma is always used. The 
plasma causes oxidation of the difficult to oxidize species (Pd, or Ru), which can then be 
removed with a vapor etchant, such as acetylacetone, hexafluoroacetylacetone, or, as has 
been demonstrated on Pd, formic acid (HCOOH).48 A key point with these studies is that 
HCOOH will etch the base or noble metal that is oxidized,48 so fine control over the 
oxidation step is crucial. This is also important in that it is clear HCOOH is capable of 
etching several base and noble metal oxides. However, the use of an O2 plasma is undesired 
for fabrication of the previously discussed devices due to the large amount of material 
removed per cycle (1.2 nm Pd/cycle) and no potential to limit etching to desired/undesired 
growth regions. 
1.4.VACUUM ULTRAVIOLET-ENHANCED ATOMIC LAYER ETCHING 
There is significant potential for thermal ALE, especially if it is complemented with 
other methods, such as a plasma, as discussed in the ALE of AlN using a H2 plasma.47 One 
such method is at the intersection of vacuum ultraviolet (VUV) light treatment with ALE. 
VUV light, while well known as an organic cleaning treatment,49 and widely used in 
advanced oxidation processes for removal of volatile organic compounds (VOCs),50–52 is 
only starting to see use within nanofabrication. Specifically, VUV enhancement has been 
employed in atomic layer deposition (ALD) to deposit conformal oxide films such as 
Al2O3,53 and TiO2,54,55 and at low temperatures. However, its use within ALE is yet to be 
realized. The work presented herein is the first demonstration of VUV enhanced ALE. 
The use of VUV enhancement is effectively a method to deliver energetic species 
to a surface, similar to how an inert gas plasma delivers high energy molecules to facilitate 
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a reaction. VUV photons correspond to wavelengths of 110 < l < 400 nm (6.2 < hν < 11.3 
eV), where the selected wavelength range can be chosen based on the window material. If 
a SiO2 window is used, photons with λ < 220 nm are attenuated. If a MgF2 window is used, 
the allowed wavelength range is 110 – 180 nm. VUV light can be produced a number of 
ways, not limited to, excimer lasers, Xe arc lamps, Hg arc lamps, or the method used within 
this discussion, D2 lamps.56  
VUV is widely used for advanced oxidation processes due to the large absorption 
cross-section of many molecules in the 110 – 180 nm wavelength range. Of interest in my 
research is the interaction of VUV with O2 gas, which has an absorption cross section of 
12 cm-1 in the VUV, 57 which gives an attenuation length of 1.8 cm. The co-exposure of 
VUV and O2 yields atomic O, O2, and O3,58 which are all good oxidizing agents. These 
oxidizing species can then be used to cause low temperature oxidation of difficult to 
oxidize metals, Pd, and Ru. Once oxidized, the metal can be removed with HCOOH, which 




Figure 1.4. A schematic for VUV enhanced ALE is shown, where one ALE cycle is 
comprised of an etching and oxidation half cycle, shown on the left, and 
right, respectively. Oxidation is comprised of exposing the metal, M, with 
O2 and light, hν, which produces O, O2, and O3. These oxidants change the 
valency of the surface atomic layer of M to M+. The etching half cycle is 
comprised of a vapor dose of HCOOH, which adsorbs, and removes, the 
modified M+ layer. The surface is then returned to its starting quality for 
more ALE cycles. 
Owing to the novelty of VUV enhanced ALE, it is worthwhile to explore the limits 
of the technique in the context of removing undesired deposition for TCE fabrication, and 
removing the MACE catalyst after MACE has been performed. Eventually, depending on 
the active oxidant molecules, selectivity in oxidation could be achieved (i.e., through a 
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shadow mask or with lift-off), which could lead to anisotropy in ALE. An additional benefit 
is the potential to adsorb a monolayer of reactive gases, that, once illuminated with VUV 
light, could react to form oxidizing (H2O2, NO2, etc.), nitriding (NH3, N2, etc.), fluorinating 
(NF3, HF, SF6, CH3F, etc.), or phosphiding (HP, PH3, etc.) species locally on the surface.  
These species may then be able to cause a surface reaction of the substrate material. The 
fine control of decomposing a monolayer of adsorbing reactant molecules could lead to the 
self-limiting generation of reactants with VUV for a broad range of materials, and limit 
reaction to surface and near surface layers. This benefit could be a great addition to the 
VUV enhanced ALE technique. 
1.5.AREA-SELECTIVE ATOMIC LAYER DEPOSITION 
Heroic efforts have been made to enable the low temperature removal of Pd and 
Ru, however, an alternative to etching to define a pattern is AS deposition. Atomic layer 
deposition (ALD) is well-suited to AS deposition, as fine control over surface chemistry 
can limit or promote growth in certain regions, thus defining a pattern.59 The general ALD 
scheme is related to ALE in that deposition is performed by saturating a surface with an 
activation step, which then reacts with a co-reactant to leave behind the deposited material. 
The process flow of ALD of an oxide is shown in Figure 1.5. The first reactant, A, adsorbs 
to the surface in a self-limiting fashion. Following an inert gas purge, the second reactant, 
B, is introduced, which reacts with A and nothing else. By repeating cycles of A, followed 
by B, with an inert gas purge in between half-cycles, a material can be deposited in a 
conformal, and highly controlled manner at low temperatures (< 400 °C). In this 




Figure 1.5. ALD of an oxide material is shown. (a) is the starting oxide, where the 
material to be deposited, M, is shown in blue, and oxygen is shown in red. 
The starting surface is passivated with the white species, H, which can only 
react with green atoms, R, and O atoms. (b) shows the saturation of M, 
where only OR species form on the surface to leave M-O surface bonds. (c) 
indicates an Ar purge to remove all MR species. (d) shows the removal of R 
surface atoms by H2O addition, which reproduces the starting oxide surface 
for the next step, (a). (a), (b), (c), and (d), comprise one ALD cycle. 
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As patterned photonic devices (Si wave guides), are a focus of this work, several 
oxide perovskites are of particular interest owing to their favorable ferroelectricity. BTO 
is one such material, and is being studied heavily due to its relatively large linear response 
in the index of refraction to an applied electric field.60 This behavior is captured in a 
parameter called the Pockels coefficient.61,62 Additionally, BTO has recently been 
monolithically integrated onto Si by using an oxide perovskite with similar lattice 
parameters, SrTiO3 (STO), as a buffer layer.29,32,63 However, growth of BTO for 
ferroelectric applications is difficult, as epitaxial crystallization, and thus ferroelectricity is 
strongly dependent on interface quality of the BTO film.29,32 To add to the challenge of 
creating BTO photonic structures, Ba and Ti etch products have low volatility (e.g., BaF, 
and TiF),25,26 which makes top-down patterning of BTO for Si wave guides difficult. 
Therefore, it is desired to develop an AS-ALD method that facilitates controlled deposition, 
and thus feature creation, for photonic structures, and does not hinder BTO crystalline 
quality. 
Area-selectivity can be imparted during growth by limiting where reactants A and 
B adsorb onto a surface. In this demonstration, oxide precursors are hydrophilic, indicating 
that they will adsorb, and grow, in surface regions with a large OH density, while growth 
will be limited in hydrophobic surface regions without large OH densities.28–30 Area-
selective ALD by controlling surface hydrophobicity is shown in Figure 1.6. While this 
method has potential to yield area selective ALD of BTO, the process to deposit and 
remove the polymer resist layer has unknown consequences on the interface, and resulting 
epitaxial crystallization of BTO. Thus it is important to understand the implications that 






Figure 1.6. ALD of an oxide material is shown. (a) is the starting oxide, where the 
material to be deposited, M, is shown in blue, oxygen is shown in red, and a 
hydrophobic species R2 is shown in light yellow. The starting surface is 
passivated with the hydrophobic species, R2, which resists adsorption of M 
atoms. (b) shows the saturation of M, where only OR species form on the 
surface to leave M-O surface bonds, where no surface reactions are formed 
on the area blocked with R2. (c) indicates an Ar purge to remove all MR 
species. (d) shows the removal of R surface atoms by H2O addition, which 
reproduces the starting oxide surface for the next step, (a). (a), (b), (c), and 
(d), comprise one ALD cycle, where material has only grown on the areas 
without R2. 
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1.6.RESEARCH OBJECTIVES AND OVERVIEW 
Nanofabrication is comprised of many carefully designed etching and deposition 
steps to yield the desired structure. Discussed thus far are methods that require 
complementary etching and deposition techniques to facilitate the eventual device 
application. Specifically, an ALE method to aid in removal of catalyst material before or 
after processing (MACE, or electroless Cu deposition) has been completed, and an AS-
ALD method that minimizes patterning steps (Si waveguides). Demonstration of low-
temperature, non-plasma ALE methods for metals have not been shown, and AS-ALD of 
crystalline perovskites has yet to be demonstrated. These aims are outlined in Figure 1.7, 
where a process flows utilizing the ALE of Pd and Ru for the TCE, FinFET are shown in 




Figure 1.7. Process flow for the production of the TCE and FinFET devices involving 
ALE and ALE with selectivity to undesired Pd deposition is shown in (a). A 
process flow for the AS-ALD production of photonic wave guides is shown 
in (b). ALE steps are shown in green dashed boxes, while ALD steps are 
shown in blue dashed boxes in each process flow. 
 
The aim of this dissertation is to present methods to aid with the difficulties in 
enabling technologies defined previously. Specifically, the first demonstration of VUV-
enhanced ALE, as well as the first demonstration of AS-ALD to yield epitaxial crystalline 
structures. VUV-enhanced ALE is presented as a low-temperature, non-plasma, method to 
remove Pd in Chapter 3, where density functional theory (DFT) analysis is used in 
conjunction with experiments to assess the oxidation characteristics of irradiating a Pd thin 
film with VUV photons in an O2 environment. Chapter 4 demonstrates VUV-ALE for 
removal of Pd and explores the kinetics of oxidation for low and high surface area features 
in the context of removing undesired Pd deposition for TCE fabrication. Chapter 5 expands 
the methods developed on Pd to Ru, another CMOS compatible MACE catalyst. VUV-
enhanced ALE of Ru is studied using density functional theory and experiments. 
Chapter 6 explores the AS-ALD of BTO to fabricate patterns while minimizing 
lithographic steps. Crystallization of BTO via surface phase epitaxy is explored after 
subjecting the surface to the AS patterning process. Thus the aim is to demonstrate the first 
AS-ALD of crystalline oxide perovskites. 
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Chapter 2: Experimental and Computational Methods 
Pd and Ru samples are evaporated using electron beam evaporation (CHA 
industries), or sputtered using a DC sputtering system (EMS-Quorum, EMS300TD), 
respectively. Film thickness is monitored using an in situ quartz crystal microbalance 
(QCM). Evaporation targets are > 99.99% Pd, and Ru (Plasmaterials Inc.), while Si 
substrates are single side polished p-Si(100) wafers (1 – 10 Ω cm, University Wafer Inc. 
and Nova Electronics Inc.). SrTiO3(001) single crystals are purchased from MTI electronic 
and are used as the substrate in all epitaxial crystallization studies with BTO. All samples 
are prepared with a standard degreasing procedure that includes sonicating in acetone, 
isopropyl alcohol, and water (>18 MΩ cm), for 10 min each, followed by drying under a 
stream of N2 (research grade). 
2.1.ULTRA-HIGH VACUUM FACILITIES – ATOMIC LAYER ETCHING 
ALE of Pd and Ru is performed in a custom ultra-high vacuum reactor and analysis 
system. A computer aided design drawing of the UHV system built for ALE is shown in 
Figure 2.1. All chambers are connected to one another via a UHV transfer line that is 
maintained at 1 × 10-7 Torr by a turbomolecular pump. Samples enter the system from the 
load lock (Figure 2.1(a), blue), which has the capacity to store/load up to five samples at 
once. Once the pressure inside the loadlock chamber is acceptable (< 9 × 10-7 Torr), 
samples are moved into the transfer line, where they are loaded onto a cart that spans the 
length of the transfer line. The transfer line cart can hold up to eight samples for 
transportation or storage. Further details of the transfer line, and the design of the transfer 
line cart can be found in Appendix A. Also depicted in Figure 2.1 is the vacuum furnace 
(b), the X-ray photoelectron spectrometer (c), and the ALE chamber (d). 
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Once in the load lock chamber, samples are loaded directly into the UHV furnace, 
which is indicated in Figure 2.1(b) in red. The furnace is a quartz tube that is surrounded 
by an insulated metal coil that has the capability to anneal samples to 1000 °C. Samples 
are raised on a Langmuir probe, that has monitoring feedthroughs installed at the end of 
the probe (thermocouple). The top of the furnace is isolated from ambient, as it was found 
temperature setpoints are not repeatable if convection near the top of the quartz tube is not 
mitigated. There is also a gas line to supply H2 during annealing, allowing the reduction of 





Figure 2.1. A perspective view of the custom UHV treatment and analysis facility used 
for ALE studies. The loadlock is shown in (a), while the furnace is shown in 
(b), and the XPS is shown in dark blue (c), and finally the ALE chamber is 
shown in yellow, in (d). A scale bar is inset as well. Unlabeled near the 
bottom of the figure is the plasma enhanced ALD chamber. 
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2.1.1. X-RAY PHOTOELECTRON SPECTROSCOPY CHAMBER 
The X-ray photoelectron spectroscopy (XPS) chamber is used for surface sensitive 
(i.e., within the topmost 5 nm of a surface) chemical analysis of samples and is seen in 
Figure 2.2. In situ analysis allows sensitive samples to be analyzed without exposure to 
ambient conditions. The X-ray photoelectron (XP) spectrometer is a PHI 5600 system, 
maintained at 1 × 10-9 Torr with a turbomolecular pump, and an ion pump. There is a IR 
lamp installed internal to the chamber allowing rapid overnight bakeouts to be performed. 
The XPS detector is a 16 channel detector, while the X-ray source is a dual Mg, Al anode. 
All XP spectra presented in this dissertation are generated using Mg Kα photons (1253.4 
eV), with 15 kV, and 250 W power. The stage is electrically isolated, which allows the 
sample current to be read on a BNC feedthrough on the 5-axis manipulator. These 
conditions typically yield a sample current of 40-60 nA. The Mg anode is used as that 
allows the highest resolution to be achieved on a non-monochromated system. The 
chamber is also equipped with a PHI 11-068 ion gun, which has the capability to sputter 
with either of the two gases, Ar or He, on the chamber. Sputtering is performed by 
accelerating Ar ions through 3 kV, while maintaining 25 mA of emission current, and 15 
mPa extractor pressure. The raster is kept at 5 × 5 mm2. Ar is used for sputtering and depth 
profiling, while He is used for ion scattering spectroscopy. There is a camera mounted via 
a custom gimbal mount that allows viewing of the area being analyzed during acquisition. 
The camera is behind a 12X zoom microscope (Navitar), with a 0.5X lens attachment 
(Navitar, 1-50012) and 2X adapter. This configuration yields a working distance of 165 
mm. The camera (MiniVID 3.0 6.3MP, LWScientific) is operated using Toupview 
software. A fiber optic illumination source is used to light the chamber for viewing via the 
camera using a 150 W halogen lamp (Fostec), and a fiber optic cable attached to the XPS 
chamber. The camera, and ion gun are both aligned to the analyzer plane, which allows for 
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repeatable focusing and sputtering once the image in the camera is in focus. The sample is 
mounted on a dual-stage differentially pumped 5-axis manipulator, allowing x, y, z, theta, 
and psi, rotation. Retard linearity is corrected with low and high pass energy XP scans. 
Peak positions are calibrated to Cu 2p, and Au 4f at 932.7, and 84.0 eV, respectively.  
Alignment to the analyzer focal plane is completed using a Ag slotted sample, which allows 
for focusing by minimizing counts through the slots in the alignment sample. The ion gun 
is aligned by maximizing the low energy electron peak ~1250 eV, and verified using a 
phosphorous sheet, which phosphoresces when struck with energetic Ar ions. 
XP spectra are analyzed using CasaXPS (v2.6.13), where fitting of spectra is 
commonly employed to yield information on the thickness, as well as the chemical species 





Figure 2.2. A CAD drawing of the XPS chamber is shown. Indicated are the X-ray 
source (dual source anode), the spherical capacitor analyzer (SCA), the 
camera mounted behind the microscope, the ion gun, and 5-axis 
manipulator. Also indicated is the flange that makes the connection to the 




2.1.2. VACUUM ULTRAVIOLET ENHANCED ATOMIC LAYER ETCHING 
The ALE chamber, shown in Figure 2.3, is also attached to the transfer line, 
allowing in situ sample treatment and analysis. The ALE chamber is a custom six-way 
stainless steel cross, backed by a dual stage rotary vane roughing pump for low vacuum 
etching treatments, and a turbomolecular pump for UHV transfer. The ALE chamber 
pressure is 1 × 10-7 Torr, while the walls are maintained at 80 °C for compatibility with 
Viton seals on the chamber. The ALE is maintained in a warm-wall configuration to 
minimize adsorption (and pumping times) after etching is performed. Samples are mounted 
on a Langmuir probe feedthrough (stroke length 25.4 cm), with a combination 
thermocouple and power feedthrough with a custom machinable ceramic (Macor) and 
stainless steel stage that also electrically isolates the sample from ground. The stage is 
designed for compatibility with remote ion etching (RIE) processes from an inductively 
coupled plasma (ICP) source, where the stage can be held > 1kV during plasma treatments. 
The remote plasma source must occupy the slot that the D2 VUV lamp occupies.  
While not installed at the time of writing this dissertation, the ALE chamber is 
capable of remote plasma exposures as well. The RIE ICP source is RF plasma source 
equipped with an alumina chamber (Litmas RPS 1501, Advanced Energy) allowing for 
processing of fluorinated gases up to 1.5 kW. The plasma source has an auto tuned RF 
matching network, and is controlled using the virtual front panel software from Advanced 
Energy. ChemRaz gaskets are used at all connections to the ALE chamber to compatibility 
with plasma environments, and high temperatures. Building water is used to cool the 
plasma during operation (T < 35 °C, at 1 gpm). Care must be taken when using the ICP 
plasma, as too low/high gas flowrate, too low/high pressure, and too low/high power will 
cause the plasma to function in capacitive mode. This is not recommended long term as the 
voltage differential is sunk in the plasma sheath of a capacitive plasmas as opposed to 
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producing ions from the gas. This results in high energy ions sputtering in the sheath of the 
alumina chamber. Ions are accelerated to the sample using a high voltage supply (1 kV), 
connected to the chamber with a safe high voltage (SHV) connector that transmits power 
into the vacuum chamber. 
Gases are introduced into the ALE through the manifold, which is a custom 0.25” 
VCR Swagelok welded section with six precursor slots. Each slot is equipped with its own 
high-speed pneumatic valve (ALD Valve, Swagelok), and mass flow controller, which 
allows for controlled gas introduction into the chamber during cycles. The second gas inlet 
is on a 2.75” conflat (CF) flange, which has reactive gases behind a mass flow controller 
and pneumatic valve. O2 (research grade) is introduced using this feedthrough. The VUV 
light source is a D2 lamp (Hamamatsu, L11798) with a MgF2 window mounted on the top 
of the ALE reactor. Samples are raised to the VUV light source within 0.5 cm of the MgF2 
window during exposures, and lowered 15 cm to the gas manifold inlet during etching 
cycles. The attenuation length of VUV photons in Ar is ~ 2 cm, which mitigates their 
interaction during etching half-cycles. Ar is continuously flowing through all exposures, to 
yield a background pressure of 0.1 Torr in the ALE chamber. Actuation of the pneumatic 
valves is accomplished manually using LabView (Version 19). The valve control circuit is 
shown in Appendix B. Pressure is monitored using a 10 Torr Baratron gauge mounted on 
the exhaust of the ALE chamber. Gases leaving the exhaust are scrubbed through a heated 
scrubber section comprised of a 20” CF nipple, wrapped in resistive heating tape to achieve 
a temperature > 400 °C. The CF scrubber section is packed with stainless steel metal wool 
to provide high surface area to thermally crack any unreacted gases leaving the ALE 
chamber. There is also an exhaust line installed for exhausting fluorinated gases (i.e., NF3) 
to a commercial scrubber (Thermo Scientific), for greater gas variety. 
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The sample temperature inside the ALE chamber is achieved by heating the sample 
with a 24 V halogen light bulb from below (Osram) in a warm-wall, hot-substrate 
configuration. The lightbulb housing is a custom high temperature stainless steel housing, 
with a rapid response thermocouple floating above the light bulb, which is the control 
temperature for samples inside the ALE reactor. The electrical connections are fixed inside 
the ALE chamber, so that there is minimal risk to lose electrical contact with any equipment 




Figure 2.3. A cross sectional view of the ALE chamber is seen in (a), where the D2 lamp 
is at the top of the reactor, precursor manifold is behind the reactor, and the 
sample stage is fully retracted at the bottom of the reactor. (b) shows the full 
stroke length of the sample holder, where the D2 lamp is removed from the 
ALE reactor and the sample is seen protruding from the top 6” flange. (c) 
the sample holder, mounted to the end of the Langmuir probe, where the 
lightbulb housing is on the top, and it is electrically isolated from the 
feedthrough with a custom Macor adapter, seen in white. 
While this description is used for all etching performed in this thesis, there are 
several improvements that should be made to the chamber. More discussion of the design 
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recommendations, and a CAD drawing of the recommendations, can be found in Appendix 
C.  
 
2.2.ULTRA-HIGH VACUUM FACILITIES – ATOMIC LAYER DEPOSITION 
ALD is performed in a separate UHV facility consisting of a molecular beam 
epitaxy (MBE) system (DCA M600 MBE system), custom hot-wall ALD chamber, and an 
XPS chamber, equipped with a quartz crystal monochromator. Similar to the system used 
in etching experiments, the system used for studying ALD of perovskites allows for the in 
situ vacuum transfer of samples without exposing them to ambient conditions. An overview 
of the system is seen in Figure 2.4, which is taken from Ref. 1. 
 
Figure 2.4. Drawing of the UHV system that is used to perform ALD of BTO. The ALD 
chamber is indicated in a red circle, while the MBE, and analysis chamber 
(XP analysis) are also shown with arrows. Low temperature reduction can 
be accomplished using the D chamber indicated as well. 
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2.2.1. ATOMIC LAYER DEPOSITION 
The ALD chamber is a custom rectangular hot-wall stainless steel reactor connected 
to a similar manifold as previously described, is seen in Figure 2.5, which is taken from 
Ref. 1. The ALD reactor is backed by a dual stage rotary vane pump during ALD cycles, 
where all six manifold mass flow controllers deliver Ar (research purity) at a rate of 20 
sccm during all ALD cycles. The pressure inside the ALD chamber when it is pumped on 
by the turbomolecular pump is 5 × 10-7 Torr, at a temperature of 150 °C. ALD is performed 
by exposing substrates to half-cycles of precursor vapors inside the ALD chamber. 
Precursor dose is controlled again by a pneumatic ALD valve with a 3-way pneumatic 
valve, and a dedicated mass flow controller. Ar is used as the carrier gas, which is diverted 
into the precursor saturator when it is desired to dose via actuating the 3-way pneumatic 
valve. ALD cycles are performed by exposing substrates to one cycle of precursor A, 
followed by an Ar purge, dosing the vapor of precursor B, followed by an Ar purge. Oxide 
materials are the focus of this discussion, therefore, H2O is the co-reactant for all conditions 




Figure 2.5. CAD drawing of the ALD reactor on top, where the gas inlet, and pumping 
flanges are shown below on the left. The view down the manifold is shown 
in the lower right image, where gas flow into the reactor is indicated. 
ALD of BaTiO3 is performed using three precursors, as outlined in Table 2.1.  One 
cycle of Ba or Ti consists of a 1 sec dose of the Ba/Ti precursor, followed by a 15 sec purge 
with Ar, followed by a 1 sec dose of H2O, and finally a 15 sec Ar purge. This is indicated 
with the following shorthand 15/1/15/1 for a given precursor. As this is a perovskite, the 
ratio of Ba:Ti must be tuned to be as close to 1 as possible. Composition is calculated from 
in situ XPS measurements, where the stoichiometry of 1 is achieved by dosing 3 Ba: 4 Ti 




Table 2.1. Precursors used for the ALD of BaTiO3 are shown. The temperature of the 
saturator is also indicated in the far right column. 
Element Precursor Temperature 
Ba Barium Bis(triisopropylcyclopentadienyl) 150 °C 
Ti Titanium Tetraisopropoxide 35 °C 
O Water 20 °C 
 
2.2.2. X-RAY PHOTOELECTRON SPECTROSCOPY AND MOLECULAR BEAM EPITAXY 
Film composition is analyzed in situ using XPS, in a similar manner to that 
described previously. The XP spectra for ALD are collected with monochromated Al Kα 
(1486.6 eV) radiation. This yields higher resolution spectra than those collected using the 
non-monochromated Mg source.  
The DCA M600 MBE system has a base pressure of 1 × 10-9, which is maintained 
by a cryopump. The MBE system is equipped with a heater and manipulator that allows 
annealing of samples to 1000 °C, while rotating them as well. There are six Knudsen 
(effusion) cells, and four electron beam evaporators, which are used for finely controlled 
molecular beam deposition. The system also has O2 and N2 atomic sources as remote RF 
plasmas. Film thicknesses are characterized using an in situ QCM, where composition and 
growth are controlled with pneumatically actuated shutters (RF plasmas), temperature 
(Knudsen cells), or emission current (electron beam evaporation cells). Surface 
crystallinity is monitored using reflective high energy electron diffraction (RHEED) as 
annealing or deposition occurs.  
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2.3.AREA – SELECTIVE PATTERNING  
Hydrophobic patterns are generated using polystyrene (PS, Sigma-Aldrich), which 
are filtered, and then deposited with spin coating onto the substrates. Patterns are produced 
by exposing PS to UV light with a shadowmask to block regions of the surface from 
illumination. The shadowmask consists of a series of squares in a grid pattern, where the 
side of the square ranges from 50 μm to 1 mm. The exposure chamber is evacuated of O2 
by flowing N2 for 60 min prior to turning on the UV lamp. PS exposed to the UV lamp is 
crosslinked, while PS that is shadowed from the UV light is uncrosslinked. Toluene is used 
to rinse the uncrosslinked PS from the surface, which transfers the shadowmask pattern 
into the PS. Crosslinked PS is removed with an O2 plasma etch (Oxford Plasma). This 
follows the procedure outlined in Refs. 2, and 3. 
2.4.FILM METROLOGY AND CHARACTERIZATION 
Samples for studying the ALE of Ru and Pd are characterized in situ using XPS as 
previously described. Ex situ characterization is performed with scanning electron 
microscopy (SEM), X-ray diffraction (XRD), X-ray reflectivity (XRR), and atomic force 
microscopy (AFM). Details of etching can be found in Chapters 3, 4, 5, and 6. 
ALD samples are characterized in situ using XPS and RHEED to monitor surface 
crystallization. Ex situ characterization is performed with SEM, AFM, XRD, XRR, and 
time of flight secondary ion mass spectroscopy (TOF-SIMS). BTO is amorphous as 
deposited unless grown in a pristine template layer prepared using MBE.4 Crystallization 
of BTO is achieved through a post-deposition anneal in the MBE chamber in an oxygen 
environment, where the O2 partial pressure is 1 × 10-6 Torr. The onset of crystallization is 
monitored in situ using RHEED. Thin films of BTO that are grown in bare STO(001) 
substrates are observed to crystallize at 650 °C. The onset of crystallization is higher for 
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films that are grown on STO substrates subjected to AS patterning with PS.1 Details of AS-
ALD are found in Chapter 7. 
2.5.COMPUTATIONAL METHODS 
Simulations are used to understand characteristics and mechanistic details of 
oxidation on Pd and Ru. Ab initio simulations are performed within the approximations of 
density functional theory (DFT). DFT simulations are performed using the plane-wave 
basis code Quantum Espresso (v6.4.1).5,6 Ex situ XRD measurements inform the facet of 
the slab models that are analyzed using DFT. DFT is performed within the generalized 
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange 
functional and correlation.7,8 As Pd and Ru are relatively light transition metals, non-
relativistic, ultrasoft pseudopotentials are used to describe the valence structure of each 
atom. The effects of dispersion are found to be important to characterizing the system, 
therefore all DFT models account for dispersion with the Grimme-D3 correction9 and 
Becke-Johnson damping.10 This description of the system was chosen using a figure of 
merit that weights the predicted geometry of resulting structures, and comparing adsorption 
energies, fermi energy levels, and cohesive energies with published reports. Van der Waals 
D2, D3, Cooper, and several combinations of various functionals and exchange 
correlations were explored, as well as revised pseudopotentials, projector augmented wave 
(PAW) pseudopotentials, high accuracy pseudopotentials among others were evaluated. 
More detail on exchange functionals, exchange correlations, and pseudopotentials that 
were evaluated can be found in Appendix D, which also includes a sample input file for an 
optimization calculation, and a NEB calculation. 
Pd and Ru slabs are simulated with either four or six atomic layers, depending on 
the aim of the simulation. Thicker slabs are used to allow more atomic planes to relax in 
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simulations that involve deeper incorporation of O into the substrate slab. These slabs are 
used to understand the effect of subsurface O incorporation on O diffusion, as well as 
adsorption of oxidants onto the slab surface. The nudged elastic band method (NEB) is 
used to estimate the minimum energy path (MEP) for a given reaction. Density of state 
(DOS) and projected density of state (PDOS) calculations are used to assess oxidant 
bonding on Pd. All DOS and PDOS calculations are performed by raising the number of 
k-points used to sample the irreducible Brillouin zone from 5×5×1, to 10×10×1, and finally 
30×30×1 for the optimization, self-consistent field (SCF), and non-self-consistent field 
(NSCF) calculations, respectively. Convergence of k-point was also verified by raising the 
number of k-points to 8×8×1, 30×30×1, and 50×50×1, for the optimization, SCF, and 
NSCF calculations, respectively. The wavefunction cutoff energy and charge density cutoff 
energy is 45, and 450 Ry, respectively. Convergence of the wavefunction and charge 
density cutoff energy is verified by raising them to 60, and 600 Ry, respectively. The NSCF 
calculation is used to determine the charge density of the solid. Differential charge density 
(Δρ) is used to assess localization of electrons after an adsorption/reaction event. More 
detail on DFT, DOS, PDOS, and Δρ can be found in Chapters 3, and 4. 
All simulations are performed using the Lonestar5 resource at the Texas Advanced 
Computing Center (TACC), while structures are analyzed and visualized using XCrysDen 
(Version 1.6.2).11 
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3.1.INTRODUCTION 
 Continued progress of nanotechnology hinges on methods that allow cyclic 
modification to remove or deposit material one atomic layer at a time using self-limiting 
chemical reactions. Of interest is the atomic layer etching (ALE) of noble metals, such as 
Pt, Ru, and Pd. Pd is widely used as a catalyst for oxygen evolution,1 oxygen reduction,2 
and, of particular interest to the nanotechnology community, for metal assisted chemical 
etching.3–6 Additionally, Pd ALE methods are instrumental in the development of MRAM 
devices,7 and Si nanostructures.8 Etching of Pd is typically performed using Ar/CF4 or 
Ar/CF4/O2 plasmas,9 or O2 plasma followed by vapor exposure of HCOOH, 
hexafluoroacetylacetone (hfac), or acetylacetone (acac).7 In addition to dry etching, Pd may 
also be etched using wet methods consisting of FeCl3,10 or hfac and acac.11 
ALE of Pd has been elusive thus far as it is difficult to limit oxidation to the topmost 
layer of Pd (~2-4 Å) using conventional O2 plasma exposures. We demonstrated, and 
discuss in Chapter 4, that co-exposure of vacuum ultraviolet (VUV) light and O2 gas leads 
to PdOx formation, wherein the Pd 3d X-ray photoelectron (XP) feature for Pd2+ at 336.7 
eV develops as oxidation proceeds.12  After sufficiently short exposures to VUV at low 
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enough temperatures PdOx formation is limited to the near-surface region. Removal of this 
PdOx by exposure to HCOOH vapor results in Pd metal etch rates of 2.8 Å/cycle, which is 
approximately the minimum bulk Pd-Pd distance, 2.7 A.13,14 However, key to fully 
exploiting this approach to ALE is a better understanding of PdOx and its formation from 
VUV/O2 co-exposure.  
 VUV irradiation of O2 yields singlet atomic oxygen, O(1D), triplet atomic oxygen, 
O(3P), and O3, according to Equations (3.1) – (3.3)15  
O2 → O(3P) + O(3P); 185 nm < λ < 240 nm (3.1) 
O2 → O(1D) + O(3P); λ < 185 nm (3.2) 
O(3P) + O2 + M → O3 + M (3.3) 
where production of O3 proceeds via recombination in the presence of a third body, M.16 
Thermal treatment of Pd with O2 does not form PdOx for substrate temperatures up to 200 
°C.12 Therefore, formation of PdOx at temperatures T < 200 °C under VUV and O2 co-
exposure is attributed to the presence of O3, O(1D), and O(3P).  O(1D), and O(3P) are 
collectively referred to as atomic O. The relative abundances of O3 and atomic O depend 
on the rates of production (Eqns. 1-3) and rates of various loss reactions.  The mean free 
path of O2 at 1 Torr is on the order of 0.01 cm, and the gap between the light source and 
the substrate surface is 0.5 cm, so intermolecular and surface collisions contribute to loss 
reactions.  Atmospheric photochemical processes of UV and O2 offer insight into the 
kinetics and rates of formation of the species in Equations (1) – (3). Gas phase reactions in 
the stratosphere at comparable pressures to the experimental setup used herein (1 Torr) 
predict O3 to have a lifetime (viz., the abundance/total loss rate) of approximately 1000 s 
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while atomic O has a lifetime of about 0.002 s.17,18  Measurements of O3 (96% pure) 
decomposition to O2 (2O3 ® 3O2) indicate a half-life ranging between 9 × 103 s and 1.3 × 
105 s at 300K and 4 Torr; the half-life increases due to passivation of surfaces from 
continued O3 exposure.19 The lifetime of atomic O produced by VUV/O2 co-exposure12 is 
unknown, as is the relative abundance of O and O3; however, it is reasonable to assume 
that O is short-lived, relative to O3. We hypothesize that a gas composition consisting of 
mainly atomic O, O3 and O2 is incident on a Pd sample when the surface is illuminated by 
the VUV light source; and a gas comprised of O3 and O2 is incident on a Pd sample 
shadowed from the VUV light source.  
 Density functional theory (DFT) is well suited to aid in answering mechanistic 
questions of how PdOx is formed using VUV/O2, and which oxidants participate in the 
oxidation reactions. Interactions of Pd metal with O2 is characterized theoretically and 
experimentally, as there is a wealth of literature reporting oxidation of Pd(111)20–23 and 
Pd(100)24 surfaces with O and O2. Others have shown that a coverage of 0.25 monolayer 
(ML) of O is produced upon exposing Pd to O2 at 0.5 Torr.21,25–27 Thus assessment of 
adsorption and bonding with DFT at 0.25 ML of O coverage approximates the 
experimental conditions explored herein, and represents an important intermediate state for 
continued oxidation. However, while DFT studies of O2 and O interactions on Pd surfaces 
are widely available, little information is available probing the surface interactions of O3 
on Pd.  
 This study aims to elucidate the surface-adsorbate interaction between Pd and 
oxidants produced from co-exposure of VUV and O2 using experimental and DFT analysis. 
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Of particular interest is gaining insight into the molecular scale events concerning the 
reactions of O3 and O with a Pd surface, specifically in limiting oxidation to near-surface 
Pd layers, and determining barriers to the growth of a surface oxide, and if it is self-limiting 
in any way. This mechanistic information can then be used to offer further insight into the 
VUV-enhanced ALE of Pd,12 and potential avenues to further control VUV-enhanced ALE.  
3.2.METHODS 
3.2.1. EXPERIMENTAL METHODS 
Sample preparation and equipment used follows methods described elsewhere.12 Pd 
metal thin films are deposited using an electron beam evaporation tool (CHA Industries) 
where thickness is monitored in situ using a quartz crystal microbalance (QCM, Inficon). 
Pd evaporation targets are >99.95% purity and Ti evaporation targets are >99.995% purity 
(Kurt J. Lesker). Substrates are double side polished B-doped Si (100) (University Wafer, 
1 – 10 Ω cm), and are used as received. Ti adhesion layers are evaporated onto the substrate 
in situ prior to evaporation of Pd and are nominally 10 nm. Adhesion layers are used to 
prevent the “peeling” of Pd from Si substrates that we have observed. The substrate Si has 
a native oxide present before evaporation. Pd film thickness and crystallinity is 
characterized ex situ using X-ray diffraction (XRD), and X-ray reflectivity (XRR) with a 
Rigaku Ultima IV diffractometer, which uses Cu Kα radiation. Pd film thickness is 
calculated by fitting XRR spectra using GenX (v2.4.10).28 Evaporated nominal thicknesses 
of 20 nm Pd are measured to be between 22 – 24 nm, while 10 nm Ti is ~5-8 nm. 
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 Samples are degreased by sonicating in acetone, isopropanol, and water (>18 MΩ 
cm), for 10 min each, and drying with N2 prior to loading into the analysis and reaction 
system. All etching and X-ray photoelectron (XP) characterizations are completed in a 
custom-built ultra-high vacuum system consisting of a transfer line (base pressure 1×10-7 
Torr), which connects an XP spectrometer (PHI 5600, base pressure 1×10-9 Torr), custom-
built vacuum furnace, load-lock chamber, and ALE chamber. XP spectroscopy (XPS) is 
performed without breaking vacuum. The XP spectra are collected using Mg Kα radiation. 
Curve fitting and analysis of XP spectra is done using CasaXPS (v.2.3.16). 
All oxidation exposures are done in the ALE chamber, which is described in more 
detail elsewhere.12 Briefly, the ALE chamber is a custom stainless steel chamber equipped 
with a VUV lamp (H2D2 Hamamatsu, L11798), which is a 110 W lamp, with a broad 
emission spectrum from 115 < 𝜆 < 400 nm, and the strongest lines at 128, and 160 nm, (6.5 
< hν < 11.3 eV). The reactor is maintained at 50 °C, in a warm wall configuration, while 
the sample is heated to the reaction temperature via a halogen bulb underneath the sample. 
Substrate heating is maintained with a temperature controller, which regulates power 
delivery to the bulb by measuring the temperature beneath the substrate. 
Co-exposure of VUV and O2 is performed at 1 Torr, where the sample is held 0.5 
cm from the MgF2 window of the VUV light source so reactive species will reach the 
substrate surface. Ar (Matheson, 99.9999%) is introduced to give a background pressure 
of 0.100 Torr. O2 (Matheson, >99.999%) is introduced into the ALE chamber to yield an 
O2 partial pressure of 1 Torr. Caution is required when working with the VUV lamp, as 
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UV light is damaging to biological tissue. Protective eyewear is used at all times when 
using the VUV lamp. 
20 nm Pd films are used to elucidate the dominant oxidant present in the gas phase 
by irradiating samples at ALE reaction conditions of 1 Torr O2 co-exposed with VUV light 
for 3 min. Two conditions are explored to discern oxidation arising from O or O3: one with 
a Pd film positioned such that the surface normal vector is facing VUV light (illuminated), 
and the second is mounted face down, so that the surface normal vector is pointing 180° 
away from the VUV light (shadowed). In this way, O and O3 may impinge on the surface 
in the illuminated configuration, whereas O3 can diffuse to the surface in the shadowed 
configuration as O will recombine before reaching the shadowed surface. 20 nm Pd is also 
used to explore temperature and time effects of VUV/O2 co-exposure on PdOx formation. 
3.2.2. THEORETICAL METHODS 
 Ab initio calculations are performed using the plane wave basis code Quantum 
Espresso (version 6.4.1).29,30 Pd crystal structures are well-known to be fcc, with a lattice 
constant  a = 3.859 Å.20 Bulk Pd is optimized before surfaces are constructed to minimize 
stresses within the cell. Pd surfaces (111) and (100) are modeled using this bulk Pd crystal 
structure, which is in agreement with interplanar spacing measured experimentally using 
XRD. Pd(111) and Pd(100) are modeled by 2×2 surface cells. This corresponds to a 
coverage of θ = 0.25 ML, which is the nominal coverage for PdOx formation at 
experimental conditions herein.21,22,25–27 Pd is modeled using four and six atomic layers for 
initial oxidation of clean Pd, and PdOx growth, respectively. For calculations where O 
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incorporation increases, 1 O layer indicates a surface O layer, while 2 O layers indicates O 
placed on the surface, as well as in between the n = 2, and n = 3 atomic Pd planes, and 3 O 
layers indicates O placed on the surface, and in between the n = 2, n = 3, and n = 4 atomic 
planes. PdOx layered structures are created by placing O in the interstitial hollow sites, 
optimizing the structure, and using the optimized structure in calculations. Structures are 
chosen this way to allow at least two atomic layers to relax freely as O is incorporated into 
the Pd substrate, while keeping the bottom two atomic Pd layers fixed at the bulk position. 
Periodic images orthogonal to the slab are separated by 20 Å of vacuum.  
All DFT calculations use the Perdew-Burke-Ernzerhof (PBE)31,32 exchange-
correlation functional, and Grimme-D333 van der Waals correction with Becke-Johnson 
damping.34 Van der Waals forces are necessary to capture the free molecular parameters of 
O3 (i.e., bond angle, and bond distance, dO-O), and thus are included in all simulations. 
Ultrasoft pseudopotentials are employed as well, where the valence structure of Pd is 
4s25s24p64d8, and O is 2s22p4. Pd slabs are optimized using a 5×5×1 Monkhorst-Pack grid 
with charge density and wavefunction energy cut-off 600 Ry and 60 Ry, respectively. 
Convergence of k-points and atomic layers is verified by varying the k-point mesh from 
5×5×1 to 8×8×1, and increasing the number of atomic layers from four to six, which results 
in an energy difference <2 meV/atom. The choice of unit cell (i.e., 100, vs. 111, and four 
or six atomic layers) for free molecular calculations of oxidants are < 2 meV of one another. 
Marzari-Vanderbilt “cold-smearing” is used with a smearing width of 0.002 Ry. Spin-
polarized calculations are only employed for free molecular oxidant species (O2, and O3), 
as ferromagnetic effects can arise on Pd surfaces that are spin-polarized.20,35 Density of 
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state (DOS) and projected density of state (PDOS) calculations are used to examine 
bonding, while nudged elastic band36 (NEB) calculations are used to identify transition 
states.  
 Adsorption energy, Eads, is calculated according to Equation (3.4),  
Eads = Esurf + EOx – EOx/surf (3.4) 
where Esurf is the energy of the optimized surface, EOx is the energy of the optimized oxidant 
O, O2, or O3, and EOx/Surf is the energy of the optimized Pd surface with the oxidant adsorbed. 
EOx is calculated as described in detail in Supporting Information (Figure E.1). All oxidant 
energies, EOx, are referenced to the energy of a free O2 molecule according to the following: 
EO = ½ × (EO2 + ΔEO-O), where ΔEO-O is the bond energy of an O2 molecule, 498 kJ/mol; 
EO2 is the calculated energy of a free molecular O2 species; and EO3 = EO2 + EO – ΔUr , 
where ΔUr is the change in internal energy for the reaction O3 → O2 + O, which is 102.4 
kJ/mol.37 In this convention a positive adsorption energy indicates exothermic adsorption, 
while a negative value is endothermic. It is also important to note that all adsorption 
energies reported are for adsorbed O, O2, or O3, and are not normalized to the number of O 
atoms involved in adsorption. All adsorbing oxidants species are relaxed from an initial 
position 3 Å above the surface atomic plane. 
 Differential charge density, Δρ, is calculated according to Equation (3.5), 
Δρ = ρA/surf – ρA – ρsurf (3.5) 
where ρA/surf is the charge density of the optimized geometry of the Pd with adsorbate, ρA 
is the charge density of the adsorbate in the same geometric configuration on the surface, 
without any Pd atoms present, and ρsurf is the charge density of the optimized Pd surface 
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without any adsorbate. All Δρ plots have the same contour cut-off point (0.031 e/bohr3) to 
allow comparison between oxidant/Pd systems. 
 Pd structure images and analysis is completed using XCrysDen (Version 1.6.2),38 
and VESTA (Version 1.1.0),39 where charge density images are generated using VESTA. 
3.3.RESULTS 
3.3.1. PROPOSED OXIDATION MECHANISM 
 A proposed oxidation mechanism is presented in Figure 3.1 to contextualize the 
results. Based on experimental results and DFT calculations, the proposed oxidation of Pd 
consists of four steps: (1) All oxidizing species adsorbing on a clean Pd surface (O, O2, and 
O3); (2) a 2D surface oxide forming from adsorbed O originating from gas phase O, 
dissociation of O2 on Pd, and dissociation of O3 on Pd; (3) adsorbed atomic O diffusing 
subsurface; and (4) oxidation of subsurface layers from adsorbed atomic O for continued 
growth of PdOx. While gas phase O and O3 adsorb to produce a 2D surface oxide, the results 




Figure 3.1. A schematic representation of oxidation of Pd by co-exposure to VUV/O2. 
Clean Pd is shown in panel (1), where O, O2, and O3, adsorb and dissociate. 
Panel (2) shows a Pd surface that forms a 2D surface oxide from 
dissociation arising from O2, and O3, as well as gas phase O. Panel (3) shows 
O atoms beginning to diffuse subsurface, while more atomic O is added to 
the surface originating from the gas phase. Panel (4) shows the self-limiting 
nature of the subsurface PdOx oxide. Gray atoms indicate Pd, while dark red 
indicates O, and light red indicates an adsorbed O species that has not yet 
incorporated into Pd. The structure depicted in all four panels is fcc Pd. 
3.3.2. PD SURFACE OXIDATION 
 20 nm Pd is used to establish the surface that is oxidized in VUV/O2 oxidation 
experiments, as well as if the film crystal structure changes with thermal annealing in O2.  
XRD of the initial surface is shown in Figure 3.2, where an untreated 20 nm Pd surface is 
shown on the bottom in blue, and a Pd surface heated in O2 for 60 min at 100 °C, and 200 
°C, is shown in the middle in green, and top in red, respectively. XRD reveals two features 
at 2q of 40.10° and 46.44°, which are attributed to Pd(111) and Pd(200), respectively. 
Overlapping Ti(111) in the region of Pd(111) is not detectable, likely due to the thickness 
of the Ti layer, which is estimated to be ~5 nm from fits of XRR data (not shown). Fitting 
of the features in Figure 3.2 yield the Pd(111) and Pd(100) interplanar spacing, d111 = 2.248 
± 0.001 Å, and d100 = 1.955 ± 0.003 Å, respectively. The position of the two features do 
not change if annealed up to 200 °C. 
The Pd surface that results after repeated etch cycles is also investigated, as VUV-
enhanced oxidation is studied with ALE in mind. ALE is performed as described 
elsewhere.12 After 5, 10, and 20 ALE cycles, Pd(111) and Pd(200) are the only features 
detectable by XRD (not shown). Therefore, the surface consisting of Pd(111) and Pd(100) 
is a reasonable representation of the Pd surface. The use of Pd(111) and Pd(100) also allows 
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for comparison between simulation reported herein and the literature.20–27 However, it is 
important to note that the surfaces investigated herein are not atomically smooth, and, as 
we have shown, Pd surface roughness decreases as ALE is performed, and the rate of 
oxidation depends on surface area.12 This implies high order facets are likely present for 
the initial ALE cycles, and oxidation occurs more rapidly. Thus we expect experimental 
oxidation to be more facile compared to the atomically smooth surfaces used herein for the 
DFT simulations owing to a larger number of adsorption sites present on higher order 
surfaces, and longer oxidation times may be required as ALE is progresses into the film. 
 
Figure 3.2. XRD of 20 nm Pd on 10 nm Ti on p-Si(100) without being exposed to any 
treatment (blue, bottom), a second film exposed to O2 at 100 °C for 60 min 
(green, middle), and a third film exposed to O2 at 200 °C for 60 min (red, 
top). Two features are indicated with vertical dashed lines corresponding to 
Pd(111), and Pd(200) reflections. 
20 nm Pd is used to elucidate the oxidant (e.g., O, O2, or O3) responsible for forming 
PdOx by co-exposing samples at 1 Torr and 50 °C to VUV/O2, where one sample is facing 
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up (illuminated), exposing the Pd surface to O, O2 and O3; and another facing down 
(shadowed), exposing the Pd surface to O2 and O3. Owing to the long lifetime and half-life 
of O3,17–19 O3 is likely capable of diffusing to the Pd surface that is shadowed.  The ratio of 
the lifetime of atomic O to O3 is approximately 2×10-6, indicating it is highly unlikely 
atomic O diffuses to the Pd surface when it is shadowed. Oxidation arising from O2 is very 
unlikely, as thermal exposures to O2 up to 200 °C do not form PdOx,12 which is in agreement 
with previous studies.27   
Figure 3.3(a) shows the 3d XP region after co-exposure to VUV/O2 for the 
illuminated and shadowed configurations. There are two visible XP features before 
oxidation (Figure 3.3(c), top), which are attributed to Pd 3d5/2 and Pd 3d3/2 at 335.0 eV, and 
342.0 eV, respectively. After co-exposure to VUV/O2, the illuminated sample displays a 
second Pd 3d5/2 feature at 336.7 eV (+1.7 eV relative to Pd0), which is due to Pd2+ in the 
form PdO.40,41 There is no observable Pd2+ character in the sample shadowed after 3 min 
co-exposure to VUV/O2 (Figure 3.3(a)). These observations are consistent with gas phase 
atomic O as the dominant oxidant.  O3 forms Pd2+, however, the time of exposure must be 
longer than 3 min.  PdOx is observed in the shadowed sample after VUV/O2 co-exposure 
for 15 min at 50 °C (not shown). Therefore, while O3 will oxidize Pd0 to PdOx, atomic O 
forms PdOx more quickly. 
All samples are illuminated in the following results. Growth of PdOx is monitored 
using XPS while increasing the temperature, and time of co-exposure to VUV/O2 in Figures 
3.3(b), and (c). In Figure 3.3(b), 20 nm Pd is co-exposed to 1 Torr of O2 and VUV light for 
3 min at 50 °C, 100 °C, and 200 °C. For reference, the effective attenuation length of Pd 
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3d electrons is 11 Å, which means an increase in PdOx thickness above Pd0 of 10 Å results 
in approximately a 59% reduction in measured XP signal.42 A Pd0 signal persists at 335.0 
eV in all Figure 3.3 spectra, and an ~3.5 nm PdOx overlayer would be needed to fully 
attenuate the signal.  The ratio Pd2+/Pd0 is 1.13, 1.05, 2.29, at 50 °C, 100 °C, and 200 °C, 
respectively, indicating that, for an equivalent exposure, more PdOx forms as the 
temperature is raised. The oxide thickness approximately doubles as the temperature 
increases from 100 °C to 200 °C. In Figure 3.3(c), 20 nm Pd is co-exposed to 1 Torr of 
VUV/O2 at 100 °C for 0.5, 1, 3, 30, and 40 min. The Pd2+/Pd0 ratio is 1.11, 1.80, and 2.77 
for 3, 30, and 40 min co-exposure. Increasing VUV/O2 co-exposure time from 3 min to 40 
min at 100 °C increases the PdOx thickness by approximately 150%. It is also important to 
note that the Pd2+/Pd0 ratios reported here vary by 5-10% when compared against previous 
work.12 Therefore we expect a variation in oxidation, and etch rate, of approximately 10% 
for a given exposure condition. 
We reported etching of 2.8 Å/cycle for 3 min co-exposures at 100 °C,12 which is 
expected for the removal of between 1 and 2 Pd layers. The estimate of 2.8 Å/cycle is found 
by measuring the thickness of a Pd thin film before and after etching (5, 10, and 20 ALE 
cycles) using X-ray reflectivity, and plotting the thickness change as a function of number 
of ALE cycles performed. We find that the line of best fit to the data has a slope of 2.8 
Å/cycle, which is the etch rate reported. Below we argue the formation of PdOx is limited 
by diffusion of O into the subsurface under the exposure temperature and time conditions 
of this study. Slow diffusion below 100 °C could explain the similar amounts of PdOx for 




Figure 3.3. Pd 3d XP spectra of 20 nm Pd co-exposed to VUV/O2 at 1 Torr. (a) 
Substrates where the sample is illuminated during co-exposure to VUV/O2 
for 3 min at 50 °C (top, blue curve), and shadowed (bottom, black curve), 
where the configuration of each sample is indicated on the far left above 
each trace (b) Pd illuminated for 3 min by VUV/O2 at 50 °C, 100 °C, and 
200 °C, in the blue, green, and red curves, respectively where the 
temperature is indicated above each curve on the far left (c) Pd illuminated 
by VUV/O2 for 0.5, 1, 3, 30, and 40 min at 100 °C, with an untreated sample 
shown in gray at the top for comparison, and time labels shown above each 
curve on the far left. Positions for oxidation states Pd0 and Pd2+ are indicated 
with vertical dashed lines as well. Experimental conditions for all figures are 
shown inset, in the lower left corner. 
3.3.3. DFT SIMULATIONS OF PD SURFACES WITH ADSORBED OXIDANTS 
 Structural parameters (interplanar Pd distances between the nth and (n + 1)th layer, 
dn(n+1), Pd-O distances, dPd-O, O-O distances, dO-O, and adsorbed O height, z) of free/adsorbed 
O, O2, and O3 on Pd(111), and Pd(100) are presented in Table E.1. The structure of O3 
adsorbed onto Pd(111), and Pd(100) is shown in Figure 3.4. Parameters of adsorbed 
oxidants O, and O2 onto Pd(111), and Pd(100) are similar to previous reports of adsorption 
site, height, and interplanar expansion to accommodate oxidants on the surface.20,23,27,43–45 
Atomic O on Pd(111) does not reach the nominal bond distance of PdO 1.96 < dPd-O < 1.98 
Å; however, on Pd(100), dPd-O is 1.98 Å. This is likely similar to the 2D Pd5O4 that is known 
to result from O2 exposures on Pd(100),27 and is consistent with other reports of dPd-O.23 
However, we note that this 2D surface oxide lacks the 3d5/2 XP feature at 336.7 eV we 




Figure 3.4. Pd surfaces (111) and (100) with adsorbed O3 are shown with two unit cells 
shown in the x and y directions (in-plane). (a) is the top-view of a Pd(100) 
(2×2) surface, with O3 occupying the hollow site. (b) is the top-view of a 
Pd(111) (2×2) surface with O3 occupying the hollow hcp site. O3 adsorbed 
onto Pd(100) and Pd(111) from the viewed from the side is seen in (c) and 
(d), respectively. Interplanar distances of the substrate corresponding to 
measurements in the text are also indicated, where the subscript indicates 
which two planes the interplanar spacing refers. The unit cell is shown with 
a black solid line, while surface Pd atoms are light green, as indicated in the 
bottom of the figure. 
 
Adsorption energies, Eads, of O, O2 and O3 on Pd(111), Pd(100), and PdO(101), are 
listed in Table 3.1. PdO(101) is presented here as an analogue to fully-oxidized Pd, as the 
PdO(101) surface is observed when Pd(111) or (100) is oxidized with O2,24 and thus 
represents the final PdOx structure. Adsorption onto the “fully formed” structure of PdOx 
is used to offer insight into the likelihood of continued growth of PdOx once a fully oxidized 
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surface PdOx is produced, and how further oxidation may proceed in an ALE scheme using 
VUV/O2, 
  DFT reports estimate Eads of atomic O as 3.62 eV22 to 3.90 eV.23 We calculate Eads 
to be 4.37 eV, and 4.52 eV, on Pd(100), and Pd(111), respectively. The heat of adsorption 
of O2 is measured experimentally to be 2.38 eV on polycrystalline Pd,46 and 2.12 eV on 
Pd(111).22 We calculate Eads of O2* to be 2.44 eV, and 2.09 eV on Pd(100), and Pd(111), 
respectively.   DFT calculations herein estimate Eads for atomic O onto Pd(111) is greater 
than Pd(100) by 0.15 eV. Molecular O2 adsorbs more strongly to Pd(100) than to Pd(111) 
by 0.35 eV. The Pd(100) surface restructures to accommodate O2 (Supporting Information, 
Table E.1), and is likely facile compared to Pd(111), resulting in a lower Eads. Similar 
behavior is seen in O3 adsorbing onto Pd(111) and Pd(100), where adsorption onto Pd(100) 
is stronger by 0.23 eV, which is most likely due to the favorable size of the hollow site on 
Pd(100). This interpretation is consistent with the relative heights of O adsorption onto 
Pd(100) and Pd(111), as adsorbed O is most stable at a height -0.427 Å on Pd(100) than on 
Pd(111).  
 Eads of atomic O adsorption onto PdO(101) is markedly lower than that on Pd(100), 
and Pd(111), changing by -1.65 eV, and -1.80 eV, respectively. However, Eads for O2, and 
O3 changes less between PdO(101), and Pd(111)/Pd(100), suggesting that, although PdO 
is present, adsorption of O, O2, and O3 is still likely, where O and O3 adsorb the most 





Table 3.1. DFT results of adsorption energy (Eads) for O, O2 and O3 adsorbing onto 
Pd(100) and Pd(111). PdO(101) is also presented for comparison to a fully-
oxidized Pd surface. 
Species Surface Cell Eads (eV) Reaction 
Pd/O 100 2×2 4.37 O-g + Pd(100) → O/Pd(100) 
1Pd/O2 100 2×2 2.44 O2-g + Pd(100) → O2*/Pd(100) 
Pd/O + O 100 2×2 1.92 O2-g + Pd(100) → O + O/Pd(100) 
1Pd/O3 100 2×2 3.98 O3-g + Pd(100) → O3*/Pd(100) 
Pd/O 111 2×2 4.52 O-g + Pd(111) → O/Pd(111) 
1Pd/O2 111 2×2 2.09 O2-g + Pd(111) → O2*/Pd(111) 
Pd/O + O 111 2×2 2.41 O2-g + Pd(111) → O + O/Pd(111) 
1Pd/O3 111 2×2 3.76 O3-g + Pd(111) → O3*/Pd(111) 
Pd/O3 111 2×2 4.60 O3-g + Pd(111) → O2* + O/Pd(111) 
PdO/O 101  2.72 O-g + PdO(101) → O/PdO(101) 
PdO/O2 101  1.62 O2-g + PdO(101) → O2*/PdO(101) 
PdO/O3 101  3.44 O3-g + PdO(101) → O3*/PdO(101) 
1The oxidant is adsorbed in an intermediate state (i.e., O2*, O3*) onto the Pd(111) and 
Pd(100) surface 
 
PDOS, and Δρ calculations are used to offer insight into the nature of the surface-
adsorbate interaction. Results for O, O2, and O3 adsorbed onto Pd(100) are shown in Figure 
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3.5. The PDOS and Δρ are comprised of states contributed mainly from O p electrons, and 
Pd d electrons. In the case of O adsorbing onto Pd(100) (Figure 3.5(c)), there is a large Δρ 
in the surface Pd layer, with minimal change in subsurface Pd layers as seen in Figure 
3.5(d). This indicates a negatively charged Oδ- surface species, complemented by formation 
of Pdδ+. The majority of the O p states are contributed around Ef, which is also accompanied 
by an increase in Pd d-band resonance.  
 Similar behavior is observed for O2/Pd(100), however more O p states are 
contributed in the Pd d-band region compared to O/Pd(100) (Figure 3.5(e)) indicating pd-
hybridization. Adsorbed O2 onto Pd(100) interacts with subsurface electrons, as evidenced 
by the large Δρ below the surface (layer n = 2) compared to Δρ in Figure 3.5(d). The 
magnitude of Δρ for O2/Pd(100) is also less than for O/Pd(100).  
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Figure 3.5. PDOS for O, O2, and O3 adsorbing onto (2×2) Pd(100) in (a), (c), (e) and (g). 
Total DOS are shown in gray in the background of each PDOS image. Red 
indicates states attributed to Pd electrons, while black indicates states 
attributed to O electrons. Each PDOS has been corrected so that Ef is at 0 
eV. The region surrounding Ef is shown in detail in (b). Δρ is shown for 
each adsorbed configuration in the PDOS in (d), (f), and (h). All Δρ 
contours are at the same value of 0.031 e/bohr3. Regions with higher 
electron density are shown in yellow (δ-), while regions of lower electron 
density are shown in blue (δ+). Red spheres are O atoms and gray spheres 
are Pd atoms. 
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 Finally, O3 adsorbing onto Pd(100) shares similarities with the O/Pd(100) system 
(Figure 3.5(g)), showing an increase in d-band resonance when compared to the clean 
Pd(100) surface.  A large number of O p states are contributed at all energy levels of the d-
band as well, indicating pd hybridization with Pd(100) and adsorbed O3. This is also 
evidenced by the comparatively large Δρ for the hybridized sp orbitals that are visible in 
adsorbed O3/Pd(100) (Figure 3.5(h)), which has similar character to the final bond observed 
in O/Pd(100), and markedly different than O2/Pd(100). O3 adsorbing onto Pd(100) also has 
the most states available, as seen in Figure 3.5(b). This suggests decomposition of O3 is 
probable and that, while it was not observed in this study, O3 would likely dissociatively 
adsorb on a larger surface cell of Pd(100), as repulsive effects would be lower. This is 
confirmed in 4×4 simulations of O3 adsorbing onto Pd(100), where O3 dissociatively 
adsorbs to form O2* and O* (not shown). 
 Similar behavior is seen in oxidants adsorbed onto Pd(111), which is shown in 
Figure 3.6; however, there are notable differences. All oxidants interact with more 
electrons from subsurface Pd layers, whereas only O2 and O3 recruit Pd(100) subsurface 
electrons, indicating stronger adsorption. Additionally, the number of states in the vicinity 
of Ef, as seen in Figure 3.6(b), does not vary as much as it does on Pd(100), though O3 has 
the most available states, which is also clear from Δρ around the adsorbed oxidant in 
Figures 3.6(d), (f), and (h). These results suggest that Pd(111) is less active towards O3 
decomposition than Pd(100), which is consistent with the weaker adsorption energies of 
3.39 eV and 3.62 eV on Pd(111) and Pd(100), respectively. O2  is similarly reported to 
adsorb more strongly to Pd(100) than to Pd(111).23 
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Figure 3.6. PDOS for O, O2, and O3 adsorbing onto (2×2) Pd(111) in (a), (c), (e) and (g). 
Total DOS are shown in gray in the background of each PDOS image. Red 
indicates states attributed to Pd electrons, while black indicates states 
attributed to O electrons. Each PDOS has been corrected so that Ef is at 0 
eV. The region surrounding Ef is shown in detail in (b). Δρ is shown for 
each adsorbed configuration in the PDOS in (d), (f), and (h). All Δρ 
contours are at the same value of 0.031 e/bohr3. Regions with higher 
electron density are shown in yellow (δ-), while regions of lower electron 





3.4.1. EFFECTS OF 2D SURFACE OXIDE ON ADSORPTION AND REACTION 
 
 Calculations indicate atomic O adsorption is reduced when a 2D surface oxide is 
formed, and dissociative adsorption is not predicted for a (2×2) 100 unit cell, which is 
smaller than the 111 unit cell. Therefore, oxidant bonding and adsorption onto Pd with 
increasing O content (i.e., surface O layer, subsurface O, etc.) is also explored. Structures 
of the O layered surfaces are shown in Figure E.3. Adsorption energies are reported in 
Table 3.2 for varying amounts of O incorporated into the Pd substrate. Experimentally, the 
2D surface oxide that is formed on Pd is not complete (i.e., Pd2-ϵ is formed).27 In 
experiments, 20 nm Pd is exposed to five ALE cycles consisting of 3 min co-exposure of 
VUV and O2 at 1 Torr, and 100 °C followed by HCOOH vapor exposure. Separately, 20 
nm Pd is exposed to five ALE cycles consisting of 3 min of O2 exposure at 100 °C and 
HCOOH vapor exposure.  The corresponding XRR curves before and after etching are 
presented in Figure E.4. The film exposed only to thermal O2 presumably formed a 2D 
surface Pd5O4-like oxide, and is not etched; while the film co-exposed to VUV and O2 is 
etched at a rate of 3.2 Å/cycle.  Therefore, the transformation of Pd2-ϵ to Pd2+, which does 
not occur with 1 O layer on Pd, is important to achieving the ALE of PdOx.  
 Atomic O adsorption is lower for all amounts of O incorporated into Pd(100), as 
Eads changes by -1.14 eV, -0.54 eV, and -2.28 eV, for 1, 2, and 3 O layers, respectively. Eads 
for O adsorbing onto Pd(111) decreases in a similar fashion. Despite lower Eads for atomic 
O, which suggests repulsion from O on the surface restricts adsorption, atomic O is still 
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adsorbs the strongest per O atom. Adsorption of O3 is comparable to Pd metal without O 
incorporation, with a slightly lower Eads, however, Eads for O2 decreases the most on Pd(100) 
and Pd(111). Thus it appears O, O2, and O3 adsorb strongly, yet only O is observed to cause 
Pd oxidation to PdOx experimentally at short enough times (Figure 3.3(a)).   
Table 3.2. DFT results of adsorption energy calculations of the most stable configuration 
for O, O2 and O3 adsorbing to Pd(111) and Pd(100) that has O layers placed 
on the surface (1 O layer), between the n = 1 and 2 Pd atomic planes (2 O 
layer), and between the n = 2 and 3 Pd atomic planes (3 O layer). 
 
 Pd(100) Pd(111) 
Species n O layers Eads (eV) n O layers 
Eads 
(eV) 
Pd/O 1 3.231 1 3.051 
Pd/O2 1 0.68 1 1.51 
Pd/O3 1 2.45 1 3.23 
Pd/O 2 3.83 2 2.29 
Pd/O2 2 1.38 2 1.78 
Pd/O3 2 3.19 2 3.94 
Pd/O 3 2.09 3 2.17 
Pd/O2 3 1.72 3 1.91 
Pd/O3 3 3.47 3 3.65 
1Eads is shown for the intermediate state, O2*, while Eads is 
calculated for the dissociated state on Pd(111), O + 
O/Pd(111) as energy is lowered for two occupied 
neighboring hcp, fcc, surface sites. 
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 Additional bonding information is gained by examining the PDOS and Δρ for O, 
O2, and O3 adsorbing onto Pd(100) and Pd(111) with 1, 2, and 3 O layers incorporated, 
which are seen in Figures E.5 – E.10. The PDOS and Δρ reveal that, as O is incorporated 
into the substrate, an increasing number of deep substrate electrons participate in 
adsorption (i.e., Δρ ≠ 0 for the Pd atomic layers n > 3). This indicates that the molecular 
species O2 and O3 interact with more substrate electrons. An effective potential is built up 
at the surface due to formation of PdOx, which facilitates adsorption and charge transfer. 
This is also evidenced by the largest number of states observed in the 3 O layer system for 
both Pd(111), and Pd(100).  
Examining all three oxidants on both Pd(111) and Pd(100) reveals all oxidants 
perturb a large number of substrate Pd electrons, indicating the tendency to form covalent 
bonds. When this information from the PDOS and Δρ is taken into context with 
experimental results, it is clear that all oxidants, O, O2, and O3, dissociate on Pd surfaces. 
Thus dissociation is not the limiting factor for continued PdOx growth. Due to the presence 
of O, and resulting oxidation that is observed, it can be concluded that atomic O causes 






3.4.2. ATOMIC O DIFFUSION THROUGH OXIDIZED AND CLEAN PD 
Diffusion of O through Pd metal and Pd with 0.25 ML of O is followed with the 
NEB method, where the approximate minimum energy path, and selected images along the 
energy path for the two conditions are shown in Figure 3.7. Atomic O diffusion into a clean 
Pd(111) surface is shown in the blue curve, while diffusion through Pd with 0.25 ML of O 
is shown in the red curve. The reaction coordinate is the depth of O into the Pd substrate 
relative to the initial adsorption site on the surface. The energy of a free O atom is shown 
at the top of Figure 3.7 for comparison. All energies are downhill relative to atomic O, and 
the change in energy between the free O atom and the highest energies in Figure 3.7 and O 
is 0.34 eV for both surfaces, again confirming the difficulty in forming PdOx.  Image 
positions in Figure 3.7 (“2”, “3”, etc.) do not line up due to restructuring that occurs with 
different transition states for each system (i.e., Pd with surface O, vs. bare Pd). It is clear 
that the most stable position for O is on the surface, as that is the lowest energy of all 
configurations. The energy of the system increases as O moves subsurface, where the 
transition state is for O moving through a plane of Pd atoms. This step has an activation 
energy, Ea, of 2.87 eV. O achieves stability in a local minimum in the subsurface hollow 
site, Point 3 on the NEB curve. However, once O is subsurface, the activation energy to 
diffuse to the surface is small in comparison, at 0.51 eV.  
  The same pathway is shown for an atomic O coverage of θ = 0.25 ML in the red 
curve in Figure 3.7. Initial O migration to subsurface Pd has an Ea that is reduced by 1.07 
eV relative to clean Pd. Diffusion towards the surface is approximately the same for clean 
Pd and θ = 0.25 ML O at 0.51 eV, and 0.52 eV, respectively. Diffusion of O through bulk 
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PdOx becomes easier, where Ea decreases by 0.41 eV to 1.43 eV. The Ea of O diffusion 
through Pd is measured experimentally to be 1.26 eV.47 It is suspected that increased O 
incorporation would continue to decrease Ea. Growth of PdOx therefore requires an 
abundance of atomic O to act as the driving force for O diffusion into Pd, as well as PdOx. 
Experimentally, the abundance of O arises from atomic O (and O3, at longer times) 
produced by co-exposure to VUV/O2. Note that this description of diffusion is likely overly 
simplified, where in reality it is complicated by other diffusive processes (vacancies, 




Figure 3.7. NEB calculations for O diffusing through a six-layered Pd(111) slab. The 
energy paths of the systems are shown as a function of O depth into the 
substrate. Two conditions are shown: O diffusion through a clean Pd(111) 
slab (blue); and O diffusion through a Pd(111) slab with 1 O layer (θ = 0.25 
ML) on the surface (red). Energy differences and selected images are 
annotated in the NEB diagram, where selected images showing the unit cell 





3.4.3. OXIDATION MECHANISM 
 
Overall, four steps are proposed in the mechanism using co-exposure of VUV and 
O2 (Figure 3.1) to form the PdOx that is etched during the ALE process.  We define PdOx 
to correspond to Pd that has the Pd2+ 3d5/2 XP feature at 336.7 eV. Clean Pd clearly 
dissociates O2, and O3, while O readily incorporates into the surface Pd, which all strongly 
adsorb onto the Pd surface. This is consistent with experimental results, where the 2D 
surface oxide is known to approximate a Pd5O4 structure27 and forms easily. However, this 
2D surface oxide results in incomplete oxidation of Pd with no discernable XP feature at 
336.7 eV, and is unable to be removed by HCOOH exposure.  
PdOx is not detectable by XPS for co-exposures to VUV/O2 at 100 °C for times       < 
1 min, which indicates growth of PdOx past the 2D surface oxide is difficult, and must 
overcome an energetic barrier due to repulsion from O on the surface. This is clear in the 
Pd2+/Pd0 ratio for samples at 50 °C and 100 °C, which are approximately the same; and 
samples exposed for 40 min at 100 °C, and those exposed for 3 minutes at 200 °C, which 
are approximately the same as well. This is also shown by the minimal increase in Pd2+/Pd0 
ratio when the time of co-exposure is increased from 3 to 30 min; and clearly demonstrated 
by Eads, where adsorption is hindered once O is incorporated into the substrate. Molecular 
O2 adsorption suffers the most with some oxidation present on the Pd surface, which is 
likely why O2 is not observed to form PdOx at low temperatures. Additionally, the 
intermediate O2* state is more stable than dissociated O2 at 0.25 ML O coverage on Pd(100) 
(Table 3.1 and Figure E.1). Eads for atomic O and O3 adsorbing onto Pd surfaces with O 
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incorporated are reduced, but not to the same extent that O2 is. Atomic O diffusion is probed 
in more depth in NEB calculations, where Ea for O diffusion into Pd is 2.87 eV for clean 
Pd(111) and 1.60 eV for a surface O coverage of θ = 0.25 ML, which is a large energetic 
barrier to overcome. We note the amount of material removed is limited by how much 
PdOx is formed. While VUV/O2 PdOx growth is not self-limiting, the amount of PdOx 
formed, and thus etched by HCOOH exposure. can be controlled by the time temperature 
of VUV exposure.  
Increased O content restricts oxidant adsorption, growth of PdOx beyond 2D surface 
oxide formation, and O diffusion through Pd. Recruitment of subsurface electrons increases 
as O is incorporated, which indicates O2 and O3 adsorb more strongly as more O is 
incorporated into the substrate. This is observed in Eads increasing from 1 < 2 < 3 O layers 
incorporated for O2 on Pd(100), and Pd(111), and for O3 on Pd(100).  Greater recruitment 
of subsurface electrons facilitates adsorption of O3, and O (over O2 which has the weakest 
adsorption). Overall, growth of PdOx is caused by a high concentration of O on the surface, 
arising from O in the gas phase. We also report (Figure 3.3(a)) on the formation of PdOx 
with atomic O at short times when a surface is illuminated, whereas O3 does not form PdOx 
for an equivalent exposure when the substrate is shadowed (O3 forms PdOx after 15 min). 
As the illuminated and shadowed configurations illustrate, selectivity in the species 
responsible for oxidation could be potentially achieved and an anisotropic oxidation and 
etching benefit may be achievable; however, this point warrants further investigation.  
Taken as a whole, these data support a picture of PdOx formation that is driven by 
atomic O in the gas phase to facilitate growth of PdOx past a 2D surface oxide. 
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Additionally, these mechanistic details explain the observed etch rate of 2.8 Å/cycle, which 
corresponds to 1-2 Pd layers.  VUV/O2 co-exposure lends itself well to oxidizing near 
surface Pd – particularly useful for the ALE of noble metals that are difficult to oxidize, 
such as Pt and Ru.  
3.5.CONCLUSIONS 
The oxidation of Pd metal via co-exposure to VUV and O2 is demonstrated 
experimentally, and a mechanistic picture of oxidation is constructed. DFT, PDOS, and Δρ 
calculations coupled with experimental results show O3 is an able oxidant, with similar 
reactivity to O on Pd(111) and Pd(100). Once 1 O layer is formed on the surface of Pd(100) 
or Pd(111), continued oxidation is difficult due to increased O content. While O3 is well 
suited to overcome the transition from 2D surface oxide to subsurface PdOx due to its 
comparatively large Eads relative to O2, the fact that no oxidation is observed for equivalent 
co-exposure times of atomic O (illuminated Pd substrates) and O3 (shadowed Pd substrates) 
indicates atomic O drives PdOx formation. Atomic O has the largest Eads for all structures 
investigated, while O2, and O3 adsorb more strongly as O is incorporated into the substrate 
Pd. This indicates oxidation is associated with a large reservoir of atomic O in the gas phase 
arising from VUV/O2, and may be made easier as O is incorporated. Continued growth of 
PdOx past the 2D surface oxide is dominated by subsurface diffusion, which, from NEB 
calculations, has an Ea of 1.80 eV. Subsurface diffusion Ea decreases as more O is 
incorporated into Pd. Thus, VUV/O2 co-exposure is an excellent candidate to allow 
controlled etching of Pd. Additionally the potential for selectivity in oxidation is suggested. 
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Further control over selectivity in oxidation, by perhaps illuminating an adsorbed layer of 
reactive gas species, may offer additional avenues to control ALE of a variety of materials 
with VUV. We suspect this mechanistic picture of oxidation of Pd could similarly be 
applied to other noble metals, such as Pt and Ru, which is discussed in more detail in 
Chapter 5. 
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4.1.INTRODUCTION 
Atomic layer modification is a crucial nanofabrication tool enabling progress of 
nanotechnology. Atomic level methods are particularly important in facilitating the 
selective removal of base and noble metals, such as Pd. Removal of Pd is important in 
developing next generation MRAM technologies1 and facilitating the development of metal 
assisted etching techniques.2–5 Atomic layer etching (ALE) can potentially enable these 
applications; however, ALE methods for metals are very limited, and most are predicated 
on oxidation with an O2 plasma.6  Demonstrations of dry etching of Pd have used Ar/CF4 
and Ar/CF4/O2 plasmas,7 O2 plasma treatment followed by vapor exposure to formic acid, 
hexafluoroacetylacetone, and acetylacetone,1 or wet etching involving FeCl38 or 
acetylacetone and hexafluoroacetylacetone.9 However, as device architectures continue to 
decrease in size and increase in complexity, use of plasmas is challenging, as maintaining 
uniformity across substrates, creating defect-free devices, and avoiding non-selective 
material removal are difficult. Highly selective chemical etching methods to retain feature 
fidelity are thus complementary in developing the next generation of nanotechnology. 
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A complement to plasma ALE is thermal ALE, which sublimes a chemically 
activated surface layer via heat as opposed to ions or radicals. Thermal ALE has been 
shown on a variety of materials, including SiO2,10 TiN,11 and Al2O3.12,13 In other 
demonstrations using thermal ALE chemistries, a plasma is required to complete the etch 
cycle, as is demonstrated in plasma enhanced thermal ALE of AlN with a H2 plasma.14  
Thermal ALE, while in theory being applicable to many materials,  to date has required 
fluorination and ligand exchange steps (to create a Lewis acid/base pair). This indicates 
thermal ALE cannot be directly employed on surfaces where fluorination is not facile 
thermally < 200 °C. Consequently, thermal ALE is demonstrated on materials in an 
oxidized state (e.g. Si4+, Ti2+, Al1+, Al3+). Thus a tool that offers controlled oxidation of the 
to-be-etched material is amenable to thermal ALE. The amalgamation of thermal ALE and 
controlled oxidation state change, would provide an important new technique for the 
development of next generation nanotechnology.  
An alternative to plasma etching is photo-assisted etching, which can deliver the 
energy to cause surface reactions while minimizing undesired chemical changes or physical 
material removal. Photo-assisted chemical etching is reported for wet and dry etching of 
semiconducting substrates, in reducing roughness imparted to the surface of GaN during 
dry etching,15 etching GaN using KOH and H3PO4 irradiated with a He-Cd laser,16 etching 
deep structures in Si for quantum wires,17 and photon-plasma-enhanced etching of Si.18 
Additional dry etching demonstrations utilize photo-enhancement by a KrF excimer laser 
to perform ALE of GaAs19 and Si(111)20 via Cl2 adsorption and photogeneration of 
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electron-hole pairs that participate in the surface reaction. However, most, if not all, 
photochemical etching methods require a semiconductor substrate to photo-generate 
carriers that participate in the surface reaction, which limits widespread use.  
The idea of supplementing chemical reactions with light in the vacuum ultra-violet 
region (VUV, 𝜆<160 nm) has been explored in atomic layer deposition (ALD) schemes 
involving Al2O3, where VUV photons interact with O3 to deposit Al2O3 at 60 °C,21 as well 
as in the room temperature deposition of Al2O3 and TiO2.22,23 While the benefit of VUV 
exposure has been demonstrated in ALD and photo-dissociation for etching is possible, the 
potential utility of VUV-enhanced ALE has yet to be realized. Additionally, while many 
ALE techniques have been developed, few exist for many base or noble metals.6  
 Irradiation with VUV light, while rarely used for deposition or etching of materials, 
has been used within a variety of fields for cleaning purposes. VUV radiation arises from 
D2 discharges, as well as Xe, and Hg arc lamps.24 It is of interest due to the high energy of 
photons, and favorable absorption coefficients of H2O, O2, and many organic compounds 
in the context of advanced oxidation processes for volatile organic compound 
scrubbing.25,26 O2 is of particular interest in the current study. The absorption coefficient of 
O2 in the VUV is 12 cm-1,27 which gives an attenuation length of 1.8 cm at reaction 
conditions investigated herein. The photochemical interaction of VUV irradiation with O2 
is summarized below in Equations (4.1) – (4.3)24,27 
O2 → O(3P) + O(3P); 185 nm < λ < 240 nm; (4.1) 
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O2 → O(1D) + O(3P); λ < 185 nm; (4.2) 
O(3P) + O2 + M → O3 + M; (4.3) 
VUV interaction is dominated by the production of singlet oxygen, O(1D), (Eqn. 4.2), and 
triplet oxygen, O(3P), (Eqns. 4.1 and 4.2).  Triplet oxygen can interact with O2 and a third 
body, M, to produce O3 (Eqn. 4.3).28 It is proposed that O3, O(1D), and O(3P) are the reactive 
species in VUV-enhanced demonstrations.21,24 This work also aims to produce these highly 
oxidizing species and demonstrate controlled oxidation in an ALE scheme by co-exposing 
VUV with O2.  
 This article presents the first demonstration of VUV-enhanced ALE, that allows for 
etching metals using VUV-photooxidation combined with exposure to vapor phase 
etchants. In this demonstration, Pd0 is etched by co-exposure to VUV light and O2 gas 
followed by a vapor exposure of formic acid (HCOOH).  However, these ALE methods 
are likely not limited to Pd provided the extent of metal oxidation can be controlled with 
VUV.    
4.2.EXPERIMENTAL METHODS 
 Pd metal thin films are deposited using an electron beam evaporation tool (CHA 
Industries) where thickness is monitored in situ using a quartz crystal microbalance (QCM, 
Inficon). Pd evaporation targets are >99.95% purity and Ti evaporation targets are 
>99.995% purity (Kurt J. Lesker). Substrates are double side polished B-doped Si (100) 
(University Wafer, 1 – 10 Ωcm), where no treatment is done prior to evaporation of thin 
films. Ti adhesion layers are evaporated onto the substrate in situ prior to evaporation of 
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Pd. Films are described using a shorthand listing the thickness of each film (in nm) in the 
multilayer is in parentheses after the metal layer (e.g., Pd(20)/Ti(10)/p-Si). The substrate 
is p-Si (100), which has a native oxide present. Pd film thickness and crystallinity is 
characterized ex situ using X-ray reflectivity (XRR) using a Rigaku Ultima IV 
diffractometer, which uses Cu Kα radiation. Pd film thickness is calculated using GenX 
(v2.4.10).29 Evaporated thicknesses of Pd for the nominal Pd(20)/Ti(10)/p-Si films are 
measured to be 22 nm – 24 nm prior to etching. 
 Pd(2)/p-Si is also used in this demonstration. Pd(2)/p-Si is evaporated using the 
same apparatus mentioned for Pd(20)/Ti(10)/p-Si, however, the thickness is such that a 
measurement cannot be made ex situ with XRR. Pd(2)/p-Si is characterized in situ using 
X-ray photoelectron (XP) spectroscopy (XPS). Owing to the roughness of the as-deposited 
films as measured by atomic force microscopy (AFM), they are likely discontinuous before 
any ALE has been performed.30  
 Samples are degreased by sonicating in acetone, isopropanol, and water (>18 
MΩs), for 10 min each, and drying with N2 prior to loading into the analysis and reaction 
system. All etching and XP characterization are completed in a custom-built ultra-high 
vacuum system consisting of a transfer line (base pressure 1×10-7 Torr), which connects an 
XP spectrometer (PHI 5600, base pressure 1×10-9 Torr), custom-built vacuum furnace, 
load-lock chamber, and ALE chamber. The XP spectra are collected using Mg Kα 
radiation, which is produced using 15 kV, 4.2 A filament current, and results in 17 mA of 
emission current, yielding 40-60 nA of sample current. Curve fitting and analysis of XP 
spectra is done using CasaXPS (v.2.3.16). 
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All etching experiments are done in the ALE chamber. The ALE chamber is a 
custom stainless steel 6-way cross with four oblique ports attached around the gas inlet 
flange. The total volume of the chamber reactor is ~2 L, and is equipped with a high 
temperature stainless steel stage where the sample is heated from below using a 24 V 
halogen light bulb (Osram). The walls of the ALE reactor are maintained at 80 °C during 
all experiments. The sample stage has a stroke length of 25.4 cm, so the sample can span 
the entire vertical height of the ALE reactor. Light exposures within the ALE reactor 
involved irradiation with VUV photons from the sample normal using a Hamamatsu high 
brightness deuterium lamp (H2D2 Hamamatsu, L11798), which has a broad emission 
spectrum from 115 nm < 𝜆 < 400 nm. The strongest emission lines from the VUV light 
source are at 115 nm and 160 nm, corresponding to photons with energy 6.5 eV < hν < 
11.3 eV, which results in an irradiance of 2.46 μW/cm2/nm at 50 cm. 
In normal oxidation conditions within the ALE reactor, under an O2 atmosphere at 
1 Torr, the attenuation length of VUV radiation at 115 nm is 1.8 cm, therefore the sample 
is held ~5 mm from the MgF2 window of the VUV light source for all irradiation.  
Oxidation is completed by first loading the sample into the UHV chamber, switching to 
rough vacuum, which is maintained by a dual stage rotary vane pump, turning on the VUV 
light source, and setting the temperature of the reaction. The reaction temperature is 
maintained via an auto-tuned PID controller (Eurotherm 2450) with on-process 
monitoring, which allows the temperature of the substrate to be maintained within ± 1 °C 
of the reported temperature. Ar (Matheson, 99.9999%) is introduced at 80 sccm with mass 
flow controllers (MKS, type 147), which yields a background pressure of 0.100 Torr and 
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supplied for the duration of every experiment. The sample is moved into the VUV light 
exposure position, and equilibrates for 30 min prior to O2 dosing. O2 (Matheson, 
>99.999%) is introduced into the ALE chamber using a mass flow controller (MKS, type 
147) at a flow rate of 150 sccm. This results in a pressure over the background Ar pressure 
of 1 Torr. The time of co-exposure to O2 and VUV light is controlled by removing the 
sample from the light source after the time reported (e.g. 1 min, 2 min, 5 min etc.), and the 
VUV light source is left on. Due to the attenuation length of VUV photons at the reaction 
conditions (1 Torr O2) the sample is moved 15.2 cm away from the light source, which is 
enough to avoid any VUV irradiation. As UV light is damaging to biological tissue, 
protective eyewear is used at all times. All control experiments are conducted in this 
configuration.  Formic acid (HCOOH, Sigma-Aldrich, 99%) is introduced using a glass 
saturator tube isolated with a manual valve, and the vapor dose is controlled using a needle 
valve. The dose of formic acid results in a pressure rise of 0.46-0.50 Torr over the baseline 
Ar pressure. The manifold is described in detail elsewhere.31 One ALE cycle consists of 
one oxidation step and Ar purge, which is then followed by one dose of formic acid and Ar 
purge. A shorthand is used as followed to denote ALE cycle parameters: O2 gas dose 
time/purge time/formic acid dose time/purge time where all units are s (i.e., A/B/C/D). 
AFM (Asylum Research) images are obtained in tapping mode, and height images 
are obtained using Si cantilevers (HQ:NSC15/Al BS, μmasch). Images are analyzed using 




4.3.RESULTS AND DISCUSSION 
4.3.1. INITIAL SURFACES OF 2 NM PD AND 20 NM PD 
A shorthand is used to describe samples for clarity. If a material is followed by a 
number in parentheses it indicates the thickness (in nm) of that material (e.g. a multilayered 
film consisting of 20 nm Pd on 10 nm Ti on p-Si(100) is described as Pd(20)/Ti(10)/p-Si). 
These thickness values are the values monitored in an electron beam evaporation tool using 
a QCM. The starting surface of Pd(2)/p-Si is characterized using XPS and AFM. Pd 3d and 
Si 2p XP spectra are shown in Figure 4.1(a).  Pd has two features, 3d5/2 at 335.0 eV and 
3d3/2 at 340.3 eV. Fitting the Pd 3d5/2 XP feature indicates only Pd0 is present.32 The XP 
spectra of Si 2p has two features at 103.0 eV and 99.0 eV corresponding to Si4+, (nominally 
at 103.5 eV but includes a contribution from the Pd 4s XP feature33) and Si0, respectively. 
Si4+ arises from the native oxide present on p-Si(100) wafers before metal evaporation. The 
20 × 20 μm2 AFM micrograph of the Pd(2)/p-Si in Figure 4.1(b) reveals a non-uniform 
surface, with roughness, Ra = 23.5 Å. The mass of Pd accumulated was measured using a 
QCM and corresponds to 2 nm of Pd if it were uniformly thick, however, clearly there are 
islands in the AFM micrograph, and the roughness is of the same order of magnitude of 
the nominal film thickness. The combination of AFM and XPS measurements indicate 
Pd(2)/p-Si is discontinuous and contains voids, as Ra is greater than the nominal film 
thickness, ~20 Å. This is consistent with previous observations of ultra-thin films with 
large Ra.30  
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 XPS and AFM results for the initial surface of Pd(20)/Ti(10)/p-Si are shown in 
Figure 4.1(c) and (d), respectively. The Pd 3d5/2 XP feature at 335.0 eV indicates only Pd0. 
Ti cannot be detected by XPS, as the Ti 2p XP feature that occurs at ~458.8 eV is fully 
attenuated by the Pd0 overlayer. The 20×20 μm2 AFM micrograph reveals a roughness of 
Ra = 11.4 Å. AFM and XPS indicate Pd(20)/Ti(10)/p-Si is a continuous film.  
 
Figure 4.1. (a) Pd 3d, and Si 2p XP spectra for untreated Pd(2)/p-Si are shown with the 
corresponding AFM micrograph in (b). (c) Pd 3d, and Ti 2p XP spectra are 
shown for Pd(20)/Ti(10)/p-Si with the corresponding AFM micrograph in 





4.3.2. OXIDATION HALF-CYCLE: CONTROLLING PDOX FORMATION ON PD0 
The oxidation half-cycle of Pd0 to PdOx as a function of VUV exposure time is 
explored with Pd(2)/p-Si, where samples are co-exposed to VUV and 1 Torr O2 at 100 °C. 
Pd 3d XP spectra for a series of co-exposure times are shown in Figure 4.2(a). Two Pd 3d5/2 
XP features at 335.0 eV and 336.7 eV are clear, which are attributed to Pd0 and Pd2+, 
respectively. The 1.7 eV binding energy shift is a well-known characteristic of PdOx when 
compared to Pd0.32 Results of the XP spectra of the film co-exposed to VUV and O2 for 1 
min reveals Pd0 and Pd2+ are present. Pd is partially oxidized after 1 min co-exposure of 
VUV and O2. When Pd(2)/p-Si is co-exposed to VUV and O2 for 3 min, no Pd0 remains, 
indicating Pd(2)/p-Si is fully oxidized.  
Pd(20)/Ti(10)/p-Si is also subjected to co-exposure of VUV and O2. Pd 3d XP 
spectra after co-exposure are shown in Figure 4.2(b). Pd(20)/10(Ti)/p-Si is partially 
oxidized after 3 min co-exposure of VUV and O2. Pd2+ is not present after co-exposing 
VUV and O2 up to 2 min, indicating a minimum VUV and O2 co-exposure time must be 
surpassed to partially oxidize Pd(20)/Ti(10)/p-Si. The PdOx thickness appears to reach a 
limiting value, as Pd0 is present after a 60 min co-exposure of VUV and O2. In the Pd 3d 
XP spectra shown in Figure 4.2(b), the Pd2+/Pd0 ratio is 1.20 and 1.52 for 3 min and 60 min 
exposures, respectively. The Pd0 in Pd(2)/p-Si and Pd(20)/10(Ti)/p-Si can be partially 
oxidized after co-exposing VUV and O2 for 1 min, and 3 min, respectively. Therefore, co-
exposure time used herein is 1 min for Pd(2)/p-Si and 3 min for Pd(20)/Ti(10)/p-Si min in 
oxidation half-cycles (see below) to limit the thickness of PdOx that forms. 
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It is worth noting oxidation behavior differs between Pd(2)/p-Si and 
Pd(20)/10(Ti)/p-Si. A minimum of 3 min is required to partially oxidize Pd(20)/Ti(10)/p-
Si, while Pd(2)/p-Si is fully oxidized after 3 min. This discrepancy could be due to a 
difference in the exposed surface area of Pd0. Pd(20)/10(Ti)/p-Si, with an initial surface 
roughness of 11.4 Å (Figure 4.1(d)), has a lower surface area compared to Pd(2)/p-Si with 
Ra = 23.5 Å (Figure 4.1(b)). The difference in the exposed surface area and the higher 
surface to volume ratio allows more oxidation to occur for Pd(2)/p-Si when compared to 
the continuous Pd(20)/10(Ti)/p-Si film. This could be exploited to remove material in an 
“over-deposition” scenario during area-selective metal ALD, as in the deposition of self-
aligned vias,34 and would add to the library allowing more ALD chemistries to be used.35,36 
Higher surface area features would be etched faster, which could remove unwanted 
deposition, while minimizing removal of the film in desired growth regions. This point is 
important in the conceptualization of the transparent conductive electrode (TCE), where 
ALE may be used to remove undesired catalyst deposition before electroless Cu deposition 




Figure 4.2. Pd 3d XP spectra is shown for Pd(2)/p-Si in (a), and Pd(20)/Ti(10)/p-Si in 
(b), which are co-exposed to O2 and VUV light for various times. The Pd0 
and Pd2+ features are identified with dashed lines in both (a) and (b). All 
samples shown are exposed to 1 Torr O2 at 100 °C.  
The temperature dependence of PdOx formation via VUV irradiation is investigated 
with Pd(2)/p-Si. Films are co-exposed to VUV and 1 Torr O2 for 1 min. PdOx formation is 
tracked using XPS, where Pd 3d, O 1s, and Si 2p XP spectra are shown in Figure 4.3(a), 
(b), and (c), respectively. Pd0 and Pd2+ comprise the Pd 3d5/2 XP region at 335.0 eV. No Pd0 
is present after co-dosing VUV and O2 for at 200 °C for 1 min, indicating only PdOx is 
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present. This result is supported by the two oxygen chemical states in the O 1s XP spectra 
(Figure 4.3(b)): O-Si at 532.7 eV, and O-Pd at 530.5 eV.32,33 In the Pd 3d XP spectra shown 
in Figure 4.3(a), the Pd0/Pd2+ ratio is 0.90, 0.44, 0.09 for co-exposures at 100 °C, 150 °C, 
and 200 °C, respectively, indicating more PdOx grows as the temperature is raised. The 
increase in temperature also results in a thicker SiO2 layer on Si0, as seen in the increase of 
the 103.5 eV XP feature (Si4+), and attenuation of the 99.0 eV XP feature (Si0, Figure 
4.3(c)). Thus, in order to minimize oxidation (and material removed) in an ALE cycle, low 
temperatures should be chosen. The oxidation half-cycle temperature is 100 °C in the 
demonstration herein for compatibility with low-temperature applications, such as the 
flexible substrates in TCE fabrication as well as wearable electronics.37 
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Figure 4.3. Pd 3d and O1s/Pd 3p3/2 XP spectra of Pd(2)/p-Si are shown in (a) and (b), 
respectively. All samples are exposed to 1 Torr O2 with VUV light for 1 
min. The temperature of the exposure ranges from 100 °C to 200 °C. Pd0, 
and O-Pd XP features are shown with dashed lines in (a), while the XP 
features O-Pd and O-Si are shown with dashed lines in (b), and O-Si and Si0 
are indicated with dashed lines in (c). The Si 2p XP region before any 
treatment is included in (c) for comparison between Si4+ and Si0 XP 
features.  
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The oxidation of continuous blanket Pd films is explored using Pd(20)/p-Si and 
Pd(20)/Ti(10)/p-Si. Two oxidation conditions are demonstrated: (1) exposure to 1 Torr of 
O2 at 200 °C for 45 min; and (2) co-exposure to VUV and 1 Torr O2 at 100 °C for 5 min. 
The Pd 3d XP spectra comparing the films are shown in Figure 4.4(a). Pd0 and Pd2+ XP 
features arise, consistent with results in Figure 4.2(b). Pd 3d5/2 XP features of the film 
exposed to 1 Torr of O2 at 200 °C indicates no Pd2+ is formed. Thus Pd0 will not thermally 
oxidize in an O2 atmosphere at 200 °C. PdOx forms at 100 °C with co-exposure of O2 and 
VUV irradiation as evidenced by the Pd2+ feature at 336.7 eV (Figure 4.4(a)). Pd films are 
likely similarly resistant to thermal oxidation with O2 at temperatures lower than 200 °C. 
Thus, oxidation of Pd0 to PdOx can be controlled via VUV-light exposure, without concern 
of thermal oxidation with O2. 
 Morphology of the thermally-treated Pd(20)/p-Si, which does not have a Ti 
adhesion layer, and VUV-treated Pd(20)/Ti(10)/p-Si is investigated using AFM, where 5×5 
μm2 AFM micrographs are shown in Figures 4.4(b) and 4.4(c), respectively. The Ra of 
Pd(20)/Ti(10)/p-Si and Pd(20)/p-Si before oxidation is 11.4 Å, and 10.9 Å, respectively. 
After exposing Pd(20)/p-Si to O2 at 200 °C for 45 min the Ra is 15.3 Å. After exposing 
Pd(20)/Ti(10)/p-Si to VUV and O2 for 5 min at 100 °C the Ra is 6.3 Å. Results from AFM 
and XPS indicate the 20 nm Pd films do not dewet for temperatures T < 200 °C. The film 
roughness is approximately unchanged with co-exposure of VUV and O2 at 100 °C or O2 
at 200 °C, as the Ra values are within the variance of the starting substrates. However, there 
is a clear change in morphology, evidenced by the 1D linear power spectral density (PSD) 
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of Figures 4.4(b), and 4.4(c) (Figure F.1). A characteristic length of 2.6 nm is calculated 
for Figure 4.4(b), while the characteristic length is >200 nm for Figure 4.4(c). This 
indicates a less uniform surface results from exposure to O2 at 200 °C for 45 min than for 
co-exposure of VUV and O2 at 100 °C for 5 min.38 A larger area AF micrograph would be 
required to estimate the characteristic length of Figure 4.4(c) more precisely. 
 
Figure 4.4. (a) Pd 3d XP spectra of 20 nm Pd is shown where one (Pd(20)/p-Si) is 
exposed to 1 Torr of O2 at 200 °C for 45 min, and the other 
(Pd(20)/Ti(10)/p-Si) is co-exposed to VUV and 1 Torr of O2 at 100 °C for 5 
min. XP feature positions for Pd0 and Pd2+ are shown in dashed lines. (b) 
and (c) Show 5×5 μm2 AFM micrographs of Pd(20)/p-Si and 
Pd(20)/Ti(10)/p-Si, respectively.  
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4.3.3. ETCHING HALF-CYCLE: REMOVAL OF PDOX VIA VAPOR EXPOSURE OF 
HCOOH 
HCOOH has been demonstrated to etch PdOx at 80 °C.1 In order to keep the ALE 
process isothermal with the oxidation half-cycle previously discussed, the HCOOH half-
cycle is kept at 100 °C. HCOOH effects on Pd(20)/Ti(10)/p-Si are investigated with XPS, 
AFM, and XRR (not shown). Pd(20)/Ti(10)/p-Si is exposed to HCOOH for 15 min and the 
only detectable change is a decrease in Ra from 11.4 Å to 8.9 Å. XRR and XPS 
measurements before and after HCOOH exposures are identical, indicating HCOOH vapor 
exposures do not etch Pd0. HCOOH pressures between 0.50 and 5.0 Torr and exposure 
times between 30 s and 15 min have no effect on the removal of PdOx. Therefore, HCOOH 
vapor exposure for 30 s at 0.50 Torr is sufficient to remove PdOx as measured by XPS. The 
mechanism by which HCOOH etches PdOx warrants further study and is beyond the scope 
of this work. 
PdOx is formed on Pd(20)/Ti(10)/p-Si by co-exposing VUV and O2 for 180 s, which 
produces PdOx (Figure 4.2(b)). PdOx is then exposed to 30 s of HCOOH at 0.50 Torr and 
100 °C. Results of the full etching cycle are shown in Figure 4.5(a) via the Pd 3d XP region. 
After co-exposing VUV and O2, the Pd-O XP feature appears at 336.7 eV. After exposure 
to HCOOH vapor, the only Pd 3d5/2 XP feature present is at 335.0 eV, indicating the 
presence of Pd0, and absence of Pd2+. 
 Morphology is tracked through one full etching cycle using AFM in Figures 4.5(b), 
(c), and (d), where the surface as-deposited, after the oxidation half-cycle, and after the 
etching half-cycle are shown, respectively. All AFM micrographs are 5×5 μm2. It is 
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important to note that Figure 4.5(b) shows a smaller area of a film equivalent to the one 
shown in Figure 4.1(b), and thus has an apparent larger Ra. The Pd surface is changed 
during the oxidation half-cycle (Figure 4.5(c)), due to the formation of PdOx. Surface 
topology is retained after HCOOH exposure (Figure 4.5(d)), though the local height of 
surface features is reduced. The Ra of the surface as-deposited, after co-exposure of VUV 
and O2, and after HCOOH exposure is, 21.2 Å, 13.4 Å, and 7.2 Å, respectively. These 
results are confounded with the possibility of nonuniformity of as-deposited Pd, and 
selection of AF analysis area.  However, it is likely the overall oxidation and etching half-
cycle result in a lower roughness than the as-deposited film (see below), which is consistent 
with known smoothing effects of repeated ALE cycles.39 
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Figure 4.5. (a)  Pd 3d XP spectra of a Pd(20)/Ti(10)/p-Si that is exposed to one ALE 
cycle, consisting of: co-exposing VUV and O2 for 180 s; followed by 90 s 
Ar; 30 s of HCOOH; and finally 150 s Ar. The full etching cycle takes place 
at 1 Torr O2, and 0.50 Torr HCOOH, at 100 °C. Pd0 and Pd2+ XP features 
are shown with dashed lines. AFM micrographs of corresponding exposure 
conditions in (a) are shown in (b), (c), and (d), where the micrographs are 
the surface as-deposited, after oxidation, and after exposure to HCOOH, 
respectively. All AFM micrographs are 5×5 μm2. 
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4.3.4. ATOMIC LAYER ETCHING OF PD 
The etch amount per cycle for Pd(20)/Ti(10)/p-Si films is measured ex situ. ALE 
cycles are described with a shorthand indicating the time of co-exposure to VUV and O2, 
followed by the Ar purge time, then the 0.50 Torr HCOOH exposure time, and finally 
another Ar purge time (e.g. 100/10/100/10 indicates 100 s of co-exposure of VUV and O2 
as well as 100 s of HCOOH with two 10 s Ar purges between oxidation and etching cycles). 
Films are subject to repeated 180/90/30/150 ALE cycles at 1 Torr O2 and 100 °C. XRR is 
taken on all samples before and after etching (Figure 4.6(a)). AFM captures surface 
topology after 5, 10, and 20 etching cycles, in Figures 4.6(b), (c), and (d), respectively. 
Figure 4.6(a) shows before and after XRR measurements. The Ra of etched films is 6.1 Å, 
9.1 Å, and 8.4 Å for 5, 10, and 20 cycles, respectively, which are all lower than the 
roughness before etching, 21.2 Å (Figure 4.5(b)). This indicates repeated etching cycles do 
not impart significant change to the morphology of the surface, and film roughness is 
reduced.  
The amount of material removed as a function of the number of cycles is shown in 
Figure 4.7. Fitting of XRR spectra indicates the 5, 10, and 20 cycle film thicknesses are 
approximately 234 Å, 219 Å, and 223 Å before etching, and 218 Å, 187 Å, and 165 Å after 
etching. This yields a total thickness removed from repeated etch cycles as 15.8 Å, 32.1 Å, 
and 58.5 Å, for films exposed to 5, 10, and 20 cycles, respectively. The etch amount is 3.16 
Å/cycle, 3.21 Å/cycle, and 2.92 Å/cycle, for 5, 10, and 20 cycles. The line of best fit has 
slope 2.81 ± 0.15 and a y-intercept of 2.6 ± 2.06 Å, indicating there is minimal delay in 
repeated ALE cycles on blanket Pd thin films.  The estimate of 2.81 Å/cycle is on the order 
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of interplanar distances of the (111) and (100) facets of Pd (2.2 Å - 2.9 Å). Thus, oxidation 
of Pd via co-exposure of VUV and O2, followed by exposure to HCOOH vapor, results in 
the etching of approximately one atomic layer of Pd, confirming ALE behavior. 
 
Figure 4.6. (a) XRR measurements of a Pd(20)/Ti(10)/p-Si exposed to ALE Cycles 
(180/90/30/150) at 1 Torr O2 and 100 °C. Films exposed to 5, 10, and 20 
atomic layer etching cycles are shown. Before and after XRR measurements 
are shown with the corresponding thickness indicated to the right. (b), (c), 
and (d) are corresponding 5×5 μm2 AFM micrographs after 5, 10 and 20 
cycles, respectively.  
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Figure 4.7. Thickness of Pd removed after 5, 10, and 20 ALE cycles (180/90/30/150) are 
shown. Substrates are Pd(20)/Ti(10)/p-Si exposed at 1 Torr O2 at 100 °C  
The line of best fit is shown in a dashed line and extended to the origin. 
 
VUV-enhanced ALE of Pd(2)/p-Si shows removal of Pd with repeated cycles. A 
film exposed to ALE cycles (60/90/30/150) at 1 Torr O2 and 100 °C are characterized by 
tracking XP regions (Si 2p, Pd 3d, Pd 3p, and O 1s) and are shown in Figure 4.8, which are 
vertically offset for clarity. Several features are notable in the XP measurement over the 
course of etching. Before any ALE is performed, the Pd 3d XP feature has the largest 
intensity, with the Pd 3d5/2 and Pd 3d3/2 features visible at 335.0 eV, and 340.3 eV, 
respectively. The Pd 3p3/2 XP feature directly overlaps with O 1s. As more O is incorporated 
into the substrate (with repeated co-exposure to VUV and O2) the O 1s XP feature grows. 
Two Si 2p XP features are present, Si0 at 99.0 eV arising from the substrate p-Si(100), and 
Si4+ at 103.5 eV arising from the native oxide on p-Si(100). The intensity of the Si0 XP 
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feature is largest before ALE cycling, and it is attenuated by the SiO2 overlayer growing as 
a result of co-exposure to VUV and O2, as discussed previously. The XP feature ~103.0 eV 
shifts to 103.5 eV as ALE cycles are performed due to removal of Pd, which becomes 
dominated by the Si-O XP feature at 103.5 eV. 
 
Figure 4.8. High Resolution XP spectra of Pd(2)/p-Si are shown after exposure to 
repeated ALE cycles (60/90/30/150) at 1 Torr O2 and 100 °C in 2 cycle 
increments. The cumulative number of ALE cycles increases moving down 
the y-axis. O 1s/P 3p, Pd 3d, and Si 2p XP regions are shown with Pd 3p1/2, 
O 1s, Pd 3p3/2, Pd 3d5/2, Pd 3d5/2, Si4+ (overlapping with Pd 4s), and Si0 XP 
features marked in vertical dashed lines.  
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High resolution XP scans are performed after ALE cycling and the integrated areas 
of XP features are reported in in Figure 4.9. The XP feature area after 2 cycle increments 
is shown for O 1s, Pd 3d, Si4+, and Si0. Pd 3d decreases monotonically with ALE cycles, 
consistent with Figure 4.8. The O 1s XP feature increases monotonically with repeated 
ALE cycles due to incorporation of O-Si, which can be seen in the Si4+ trace in Figure 4.9, 
as well as the Si 2p XP region in Figure 4.8. It is worth mentioning that after 8 cycles, the 
Si0 XP feature at 99.0 eV persists, indicating SiO2 growth is limited after co-exposure of 
VUV and O2 for 8 min at 100°C. 
 
Figure 4.9. XP spectra of Pd(2)/p-Si exposed to ALE cycles (60/90/30/150) at 1 Torr O2 
and 100 °C are shown. Integrated peak areas from a given XP feature are 
plotted versus the number of cycles. The XP regions tracked are O 1s, Pd 
3d, and Si 2p with contributions from the O 1s, Pd 3d5/2, Pd 3d3/2, Si4+, and 
Si0 XP features. Traces are ordered in the legend by first appearance moving 
down the y-axis.  
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While Pd oxidation is observed, the exact mechanism of oxidation is not clear. Two 
processes could be responsible for PdOx formation. O(3P), O(1D), and O3 produced by VUV 
interacting with O2 in the gas phase could diffuse to the Pd0 surface, where the oxidation 
reaction proceeds. The oxidation reaction could also proceed by the interaction of VUV 
photons with oxidant species and any O2 that are adsorbed onto the Pd0 surface. The Pd0 
surface could also participate catalytically in the oxidation reaction Pd0 to PdOx.40,41 The 
exact mechanism is outside the scope of this article and future work is needed to elucidate 
this ambiguity. 
4.4.CONCLUSIONS AND SUMMARY 
 The first demonstration of VUV-enhanced ALE is presented, where controlling 
oxidation of the to-be-etched species is central to achieve ALE of Pd0. ALE cycles are 
comprised of one half-cycle that oxidizes surface and near surface Pd0, and one half-cycle 
that removes PdOx via HCOOH vapor exposure. Self-limited oxidation of Pd0 to Pd2+ is 
demonstrated via co-exposure of VUV photons (115 nm < λ < 400 nm) with O2, where the 
thickness of the PdOx that forms is dependent on the time of co-exposure to O2 and VUV. 
The temperature of vapor etching was chosen such that the complete atomic layer etching 
cycle can be achieved isothermally at 100 °C, though higher temperatures would increase 
PdOx thickness, and thus etch amount. Surface morphology is not strongly affected by any 
steps in the full ALE process, however, the surface roughness is reduced after repeated 
ALE cycles. Available surface area is suspected to affect the rate of Pd oxidation. Repeated 
cycling of continuous, blanket Pd films with an oxidation half-cycle consisting of 1 Torr 
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O2 and VUV illumination for 3 min at 100 °C yields an etch rate of 2.85 Å/cycle, which is 
approximately one atomic layer of Pd, confirming the ALE of Pd with co-exposure of VUV 
and O2.  
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Chapter 5: Vacuum Ultraviolet Enhanced Atomic Layer Etching of Ru 
Thin Films 
Contents for this chapter are submitted for publication at the time of writing this 
dissertation. 
Supporting information is found in Appendix G. 
5.1.INTRODUCTION 
Platinum group metals, such as Ru, are ubiquitous next generation applications, not 
limited to, catalysis1,2 and nanoelectronics.3,4 Ru is a potential interconnect material for 
integrated circuits as well.5 Ru metal (and RuO2) can also be found in dynamic random 
access memory devices,6,7 and is employed for metal contacts, and barrier liners.8–12 
However, as device dimensions continue to shrink, and architectures become increasingly 
complex, atomic level fabrication allowing selective, low-temperature removal of metals 
are central to enabling next generation devices.  
 Ruthenium etching has been realized by oxidizing Ru and using a second 
chemical to remove the oxide. Thermal oxidation of Ru from O2 is not observed until the 
temperature is 400 – 700 °C,13 which exceeds the thermal budget of many devices. Lower 
temperature oxidation methods typically involve an O2 plasma,14,15 or neutral O beam,16 
which oxidizes Ru to RuO2. Oxidized Ru is removed chemically with the aid of a second 
reactive species, such as CH3OH,14  CF3CFH2,15 or C2H5OH.16  Continuous etching of Ru 
without a plasma has also been reported, where Ru etching is accomplished using O3, 
which is known to form volatile RuO4 at temperatures above 100 – 150 °C.17  
A self-limiting oxidation step is a likely prerequisite for Ru ALE.  An 
electrochemical liquid ALE process has been reported for Ru, which proceeds by first 
forming Ru(OH)2 on the surface by applying a positive voltage, and completing the etch 
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with Cl- in the liquid phase.18 We have recently demonstrated a method of ALE, vacuum 
ultraviolet (VUV) enhanced ALE of Pd where oxidizing species are generated by co-
exposing the substrate to VUV and O2 at temperatures of 50 – 200 °C.19,20 VUV enhanced 
ALE proceeds by first oxidizing near-surface Pd layers through co-exposure of VUV/O2 
to form PdOx. Following the oxidation half-cycle, samples are exposed to formic acid, 
HCOOH, vapor that completes an etch cycle. The extent of Pd oxidation is limited to the 
near surface region through the VUV exposure time and sample temperature. Atomic O, 
formed in the gas phase, is the main species responsible for oxidation of Pd under the ALE 
conditions. Herein we report self-limiting oxidation half-cycles using a co-exposure of 
VUV/O2 and etching half-cycles using HCOOH vapor results in the ALE of Ru. 
Formic acid is known to etch transition metals (e.g., Co, Fe, Ni, Pt, Pd), where the 
metal removed is limited to the amount of metal that is oxidized in an O2 plasma as 
HCOOH does not etch the metal.21,22 The exact etching mechanism of transition metal 
oxides with HCOOH is unknown. One report has suggested a bidentate Ni(COOH)2 
molecule etch product for etching of NiO with HCOOH.22 
Density functional theory (DFT) complements experimental work, and can aid in 
addressing issues of which oxidant(s) (atomic O, O2, and O3) may be responsible for 
oxidation, and nudged elastic band (NEB) calculations can aid in addressing how the oxide 
front propagates through a solid film. DFT has been combined with experiments to assess 
adsorption and bonding of O and O2 onto Ru(1010),23,23–26 Ru(0001),27–29 and Ru(100),30 
where surface configuration, surface diffusion, and competitive adsorption all have been 
described. Experimental and DFT reports of O on Ru surfaces have found two equilibrium 
surface O coverages of 0.25 monolayer (ML) O – 0.50 ML O.23,31 The surface O loading 
increases to 1 ML O and 2 ML O after the temperature raised above 500 K.31–33  
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This work aims to explore VUV enhanced ALE of Ru. We show VUV/O2 can 
oxidize Ru metal, that the oxidation is self-limiting, and that HCOOH is capable of etching 
the oxidized Ru species that are formed. We find the amount removed per cycle decreases 
as surface roughness decreases. This behavior is likely associated with the oxidation rate. 
DFT and NEB calculations are presented to provide insight into the self-limiting oxidation 
of Ru.  
 
5.2.METHODS 
5.2.1. EXPERIMENTAL METHODS 
Ru metal films are sputtered with a >99.9% pure Ru target (Plasmaterials Inc.) at 
30 mA emission current, and 4 mTorr Ar (99.999%, Matheson), yielding a deposition rate 
of 4 nm/min on large blanket wafers. The sputter system (EMS-Quorum, EMS300TD) is 
evacuated using a dual stage rotary vane mechanical pump. Substrates are single side 
polished p-Si(100) wafers (1 – 10 Ω cm, University Wafer Inc. and Nova Electronics Inc.), 
where the native oxide is present before Ru is sputtered. We have observed that other 
platinum group metals, such as Pd, delaminate from the Si substrate if an adhesion layer is 
not present. Because of this, 3 nm Ti (>99.995%, Plasmaterials Inc.) is sputtered onto the 
Si substrates before Ru deposition. A quartz crystal microbalance (QCM, Inficon) is used 
to evaluate sputtered thickness in-situ. Film thickness is measured ex-situ using X-ray 
reflectivity (XRR). All thicknesses reported are measured using XRR. XRR indicates that 
the Ru films are approximately 8 nm thick, while the Ti adhesion layer cannot be detected. 
All ALE experiments take place in a custom ultra-high vacuum (UHV) stainless 
steel experimental and analysis facility, described elsewhere.19,20 The UHV facility is 
comprised of an ALE chamber, X-ray photoelectron (XP) spectrometer, load-lock 
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chamber, and vacuum furnace, all connected to one another via a UHV transfer line (1 ×10-
7 Torr). This allows etching and analysis to be completed without exposing samples to 
atmosphere.  
ALE is performed in a custom stainless steel reactor as well, which is essentially a 
six-way cross, with a D2 lamp (H2D2 Hamamatsu, L11798) mounted at the top of the 
reactor. The D2 lamp is 110 W, with a broad emission range from 110 < λ < 400 nm, and 
is equipped with a MgF2 window. This gives the strongest lines at 115 and 160 nm (6.5 < 
hν < 11.3 eV). Exposures are performed by moving the sample along the z-axis of the 
reactor using a linear motion device with a stroke length that can span the entire length of 
the reactor. This allows the sample to be moved within 0.50 cm of the MgF2 window during 
oxidation half-cycles, and greater than 15 cm away from the MgF2 window during HCOOH 
exposure half-cycles, which is far enough away to fully attenuate VUV photons. The 
background pressure of the ALE reactor is maintained by introducing Ar (99.9999%, 
Matheson) at a total flow rate of 80 sccm, to yield a background pressure of 0.10 Torr. The 
sample is heated from below using a 24 V halogen light bulb (Osram), while the walls of 
the ALE reactor are maintained at 80 °C to minimize adsorption and pumping times.  
Oxidation half-cycles are performed by first raising the sample to within 0.50 cm 
of the VUV light source, and then introducing O2 (99.9999%, Matheson) into the chamber 
using a mass flow controller at 150 sccm. This yields an oxygen partial pressure of 1 Torr. 
Following the oxidation exposure, the gas is cycled off, and the sample is lowered 15 cm 
for the etching half-cycle, and the chamber is purged with Ar to the starting background 
pressure. The etching half-cycle consists of exposure to HCOOH vapor (Sigma-Aldrich, 
>99%) isothermally. HCOOH is introduced into the ALE chamber by opening a pneumatic 
valve and dosing the head space of a saturator containing liquid HCOOH at room 
temperature. The vapor is metered using a needle valve. This yields a HCOOH partial 
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pressure of 0.50 Torr. Following HCOOH exposure, the chamber is purged with Ar again. 
ALE cycles are indicated throughout the text with the following shorthand: VUV/O2 co-
exposure time/Ar purge/HCOOH dose time/Ar purge, where all units are in seconds (i.e., 
20/10/50/30 corresponds to a 20 sec VUV/O2 exposure, 10 sec Ar purge, 50 sec HCOOH 
exposure, and 30 sec Ar purge). Unless noted in the text, a new substrate is used for each 
experiment. 
In-situ X-ray photoelectron spectroscopy (XPS) is performed by transferring 
samples into the XP spectrometer (PHI 5600) without exposing them to atmosphere. XPS 
is collected using a Mg Kα anode at 15 kV and 250 W. This yields a sample current of 40 
– 50 nA. Analysis of XP spectra is performed using CasaXPS (v2.3.16).  
Ex-situ analysis of the film thickness and crystallinity is performed using XRR, and 
X-ray diffraction (XRD). XRR and XRD are collected using a Rigaku Ultima IV 
Diffractometer with Cu Kα radiation. XRR patterns are fit using GenX (2.4.10)34 to 
determine film thickness. Film morphology is analyzed using atomic force microscopy 
(AFM, Asylum Research 3DMFP), collected with Si cantilevers (HQ:NSC15/Al BS, 
μmasch) in tapping mode. Analysis of atomic force (AF) micrographs is completed using 
Gwyddion (2.47).  
5.2.2. THEORETICAL METHODS 
DFT is performed using the plane wave basis code QuantumEspresso (v6.4.1)35,36 
using the Perdew-Burke-Ernzerhof (PBE) functional and exchange correlation.37,38 
Ultrasoft pseudopotentials describe the valency of atoms, where the wave function, and 
charge density cutoff are 60 Ry, and 600 Ry, respectively. Van der Waals forces are 
included with the Grimme-D3 correction,39 and Becke-Johnson damping,40 which are 
needed for the accurate prediction of O3 structures. Marzari-Vanderbilt41 “cold-smearing” 
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is also employed, with a smearing width of 0.002 Ry. Spin polarized calculations are 
employed for free molecular oxidants.  
Thick (23 nm) Ru films are deposited to identify crystalline facets that may be 
present in the 8 nm films used in the etching studies and to inform the surfaces to model 
with DFT and NEB calculations.  XRD patterns for 23 and 8.7 nm Ru films are shown in 
Appendix G, Figure G.1.  Diffraction patterns are weak for 8.7 nm Ru. Three features are 
present in the diffraction pattern of 23 nm Ru at 2q of 38.54°, 42.23°, and 44.01°, which 
are consistent with (100), (002), and (101) reflections. These peak locations correspond to 
interplanar distances of 2.056, 2.135, and 2.056 ± 0.005 Å for the (100), (002), and (101) 
facets, respectively. While three facets are detected, the intensity of reflections at (002) and 
(101) are the most prominent, and therefore inform the simulations herein. The choice of 
(002) and (101) facets is also to align with other Ru DFT reports.  
The Ru unit cell is known to be hcp with lattice constant a = b = 2.705 Å, and c/a 
= 1.582.42 This structure is used to define the Ru slabs in this study, where stresses within 
the unit cell are minimized <2 meV/Å before slab geometries are defined. Adsorption 
simulations are done using (2 ´ 2) Ru(002) and Ru(101) surfaces, which correspond to 
surface coverages of 0 – 0.50 ML O. The surface coverage 0.25 – 0.50 ML O is the 
saturation coverage observed under most conditions and is used in this study as well. The 
irreducible volume of the Brillouin zone is discretized using a 5´5´1 Monkhorst-Pack grid. 
Periodic images normal to the slab are separated by 20 Å of vacuum to minimize periodic 
image interactions.  
Four atomic layers of Ru are used to represent the bare Ru slab, where the top two 
layers are allowed to relax freely, and the bottom two layers are held at the bulk Ru 
position. Six atomic Ru layers are used to explore simulations with increasing O 
incorporation so at least two Ru layers are allowed to relax freely in between O-modified 
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Ru layers, and Ru layers fixed at bulk positions. O incorporation into Ru is performed by 
relaxing a Ru surface with 0.50 ML O coverage. The positions of O atoms corresponding 
to 0.50 ML O on the surface are then cumulatively propagated beneath the surface Ru layer 
(n = 1), between the first and second Ru layer (n = 1, and 2), and between the second and 
third Ru layer (n = 2, and 3). Incorporation of O on the surface layer only, on the surface 
and in between the first and second atomic layers, and on the surface, in between the first 
and second atomic layers, and in between the second and third atomic layers are denoted 
1, 2, and 3 O layer structures, respectively. Convergence of atomic planes, k-points, charge 
density, and wave function cut off are verified by changing from 4 to 6 atomic planes, 
5´5´1 points to 8´8´1, 450 to 600 Ry, and 45 to 60 Ry, respectively, which results in a 
change of < 2 meV/atom. All simulations are optimized until the error in energy and the 
force are less than 1´10-8 Ry, and 1´10-6 Ry/Å, respectively.  
The NEB method43 is used to approximate the minimum energy pathway (MEP) of 
O diffusion through 1, and 2, O layered Ru(002) structures, where fourteen images are used 
to discretize the diffusion pathway. Structures are first optimized, where a “probe” O atom 
is placed at the nominal starting and ending positions. Optimized structures for the starting 
and ending geometries are then used as the input for the NEB calculation. For the NEB 
calculations, the wave function and charge density cutoff values are 45, and 450 Ry, and 
structures are optimized until the error in energy and the force are less than 1´10-6 Ry, and 
1´10-5 Ry/A, respectively. Ru structure visualization and analysis is performed using 
XCrysDen (Version 1.6.2).44 
 Following the procedure used in Ref. 20 (Chapter 3) adsorption energy is 
calculated according to Equation (5.1), 
Eads = Esurf + EOx – EOx/surf (1) 
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where Esurf is the energy of the surface, EOx is the energy of the oxidant O, O2, or O3, and 
EOx/Surf is the energy of the Ru surface with the oxidant adsorbed. More detail on the 
calculation of EOx is found in Ref. 20. Briefly, EOx, references all oxidants to the calculated 
energy of O2, EO2. The energy of atomic O, EO, is calculated by destabilizing the energy of 
EO2 by ΔEO-O, the bond energy of an O2 molecule (498 kJ/mol). The energy of O3, EO3, is 
calculated by adding in the stabilizing energy for the formation of O3 per the reaction O3 
→ O2 + O, which has a change in internal energy of 102.4 kJ/mol.45 In this convention a 
positive adsorption energy indicates exothermic adsorption, while a negative value is 
endothermic. 
5.3.RESULTS 
5.3.1. RU OXIDATION USING VUV/O2 
Oxidation of 8 nm Ru thin films is explored by co-exposing substrates to VUV/O2 
at 1 Torr O2 and 100 °C for 5, 10, and 15 min. The Ru 3d XP feature is shown in Figure 
5.1(a). There are two clear features in the Ru 3d XP spectra at 280.7, and 284.8 eV, which 
are attributed to Ru 3d5/2 and Ru 3d3/2, respectively.46 The 4.17 eV shift in binding energy 
between the 5/2, and 3/2 features as well as the asymmetry of the XP features, is 
characteristic of Ru metal. Evidence for Ru oxidation can be found in the broadening of 
the 3d5/2 and 3d3/2 XP features. This is evident in the tail towards higher binding energies, 
which is identified as RuO2.2,47,48 However, despite this increase in peak area to higher 
binding energies, Ru metal character remains after 5, 10, and 15 min of VUV/O2 co-
exposure. It is also worthwhile to note that the C 1s feature overlaps directly with the 3d3/2 
XP feature, which makes oxidation state identification from the Ru 3d feature difficult. The 
Ru 3p XP feature is known to exhibit a shift towards higher binding energy as oxidation 
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proceeds.31 There is no detectable shift for Ru 3p XP features in Figure 5.1(b), which 




Figure 5.1. XP Spectra of 8 nm Ru films are shown, where films are exposed to VUV/O2 
for 5, 10 and 15 min at 1 Torr O2 at 100 °C. The Rd 3d, Ru 3p and O 1s XP 
features are shown in (a), (b), and (c), respectively. Deconvolution of the O 
1s feature is also shown, where adsorbed oxygen (531.5 eV), and O2- lattice 
oxygen arising from RuO2 (530.1 eV) species are indicated in orange and 
yellow, respectively. The time of co-exposure to VUV/O2 increases moving 
up the y-axis in (c). 
 
The O 1s XP spectrum exhibits one clear feature at 531.5 eV for the as-deposited 
film (Figure 1(c)), which is indicative of an adsorbed molecular oxygen species.32,49  This 
feature at 531.5 eV is removed upon Ar+ sputtering of the as-deposited film confirming it 
arises from some form of adsorbed oxygen (not shown). An additional feature could be 
present in the as-deposited O 1s spectra (Figure 5.1(c), black curve) at lower binding 
energies ~530 eV, however, there is no statistical basis for fitting this spectrum with two 
peaks so we have not done so. Adsorbed molecular oxygen, evidenced by the feature at 
531.5 eV, is present following all VUV/O2 exposures (Figure 5.1(c)), as gas phase O2 is 
present above the surface throughout each exposure. After 5 min of VUV/O2 co-exposure, 
one feature appears at a binding energy of 530.1 eV. This is attributed to RuO2.31,32,49,50 XP 
features of RuO2 persist after 5 min of VUV/O2 co-exposure, however, the peak area does 
not appear to increase with exposure time. The fact that no further increase in RuO2 can be 
detected after 10, and 15 min of VUV/O2 co-exposure suggests self-limiting oxidation. 
The effect of higher temperature on the amount of RuO2 formed from VUV/O2 co-
exposure is explored with XPS and is shown in Figure 5.2. We note that in separate 
experiments (not shown) no oxidation is detected when Ru was co-exposed at 50 °C.  8 nm 
Ru films are co-exposed to VUV and O2 for 5, 10, and 15 min at 150 °C. The Ru 3d, Ru 
3p, and O 1s spectral regions are shown in (a), (b), and (c), respectively. Two features are 
clear in the Ru 3d XP spectrum at 280.7, and 284.8 eV. Relative to the XP spectra of the 
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as-deposited Ru, there is an increase in peak area towards higher binding energies 
indicative of RuO2, however, there is negligible difference between the 100 and 150 °C 
exposures. Similar to oxidation at 100 °C, there is minimal bulk RuO2 formed as indicated 
by the asymmetric metallic character in the 3d5/2 and 3d3/2 XP features, as well as the Ru 
3p XP region in Figure 5.2(b).  
Deconvolution of the O 1s feature indicates the adsorbed oxygen species is present 
in all samples investigated, and is shown in the orange deconvolution peak. The area of the 
RuO2 oxygen XP feature at 530.1 eV is approximately constant between 100 and 150 °C. 
We note that it appears less RuO2 forms at 150 °C. The ratio of the areas of the RuO2 
features at 100, and 150 °C are 1.08, 1.05, and 1.14 at 5, 10, and 15 min, respectively. This 
is within the 5 – 10 % error that we have similarly observed on Pd.19,20  
Atomic O, O2, and O3 are present in the gas phase when O2 is subjected to VUV 
photons.51,52  We have demonstrated that atomic O is responsible for oxidation when Pd 
metal is co-exposed to VUV/O2 using two different sample configurations.20 This point is 
similarly explored on 8 nm Ru with two different exposure configurations.  In the first 
configuration, Ru is illuminated by the VUV lamp during O2 exposure, and the second 
configuration Ru is shadowed from the VUV lamp by mounting the Ru sample face-down. 
In the first (illuminated) configuration, it is likely atomic O, O2, and O3 oxidant species are 
incident on the Ru surface, while O2, and O3 are likely incident on the Ru surface in the 
second (shadowed) configuration. The ratio of the lifetime of atomic O to O3 is 
approximately53,54 2×10-6, which suggests that atomic O is consumed in gas-gas and gas-
surface interactions in the shadowed configuration before diffusing to and contacting the 




Figure 5.2. XP Spectra of 8 nm Ru films are shown, where films are exposed to VUV/O2 
for 5, 10, and 15 min at 1 Torr O2 at 150 °C. The Rd 3d, O 1s, and Ru 3p XP 
features are shown in (a), (b), and (c), respectively. Deconvolution of the O 
1s XP feature is also shown, where adsorbed oxygen (531.5eV), and O2- 
lattice oxygen arising from RuO2 (530.1 eV) species are indicated in orange 
and yellow, respectively. The time of co-exposure to VUV/O2 increases 
moving up the y-axis in (c). 
 
Ru is co-exposed to VUV/O2 in illuminated and shadowed configurations at 1 Torr 
O2 for 5 min at 100 and 150 °C. XPS results are shown in Figure 5.3. The Ru 3d XP spectra 
in Figure 3(a) indicate that more RuO2 is formed in illuminated configurations than 
shadowed configurations at 100, and 150 °C, which is revealed by the tail towards higher 
binding energy and reduction in feature intensity at 280.7, and 284.8 eV. Negligible 
difference is seen in the Ru 3p features at 100 or 150 °C, as seen in Figure 5.3(b). Increased 
RuO2 formation is also evidenced by a larger O feature in the O 1s XP spectra, which is 
shown in Figure 5.3(c). RuO2 features (i.e., peak at 530.1 eV in O 1s) are present for the 
illuminated configurations, while adsorbed molecular oxygen is the only statistically 
meaningful feature in shadowed samples. The results in Figure 5.3(c) indicate atomic O 
dominates the oxidation of Ru for conditions herein. This result is similar to oxidation of 




Figure 5.3. XP spectra of 8 nm Ru films are shown, where films are exposed to VUV/O2 
for 5 min at 1 Torr O2 at 100, and 150 °C, where the sample is illuminated 
or shadowed during VUV/O2 co-exposure. The Rd 3d, Ru 3p, and O 1s 
feature are shown in (a), (b), and (c), respectively. Deconvolution of the O 
1s feature is also shown, where adsorbed oxygen (531.5eV), and O2- lattice 
oxygen arising from RuO2 (530.1 eV) species are indicated in orange, and 
yellow, respectively. The set of 100 °C XP spectra are shown on the bottom 
of (a), and (c), while 150 °C XP spectra are on top. XP spectra are offset for 
comparison. 
 
5.3.2. VUV ENHANCED ATOMIC LAYER ETCHING OF RU 
ALE of Ru is explored by exposing 8 nm Ru thin films to an oxidation half-cycle 
consisting of 2 min VUV/O2 co-exposure, followed by a 1.5 min Ar purge; and an etching 
half-cycle consisting of a 30 sec HCOOH exposure at 0.50 Torr, followed by a 2.5 min Ar 
purge. One oxidation half-cycle followed by one etching half-cycle constitutes one ALE 
cycle, and cycles are written in the text with the time in sec, (i.e., 120/90/30/150 for the 
cycle just described). XPS measurements show Ru metal and no RuO2 following the 
HCOOH half-cycles (not shown). XRR of the films is shown before and after ALE cycles 
at 100 °C in Figure 5.4(a). XRR measurements of the Ru film before and after etching 
indicate a thickness change of 6, 13, and 14 ± 2 Å for 5, 10, and 15 ALE cycles, 
respectively.  These results are presented in Figure 5.5. The slope of a line of best fit to the 
data at 100 °C is 0.85 ± 0.15 Å/cycle.  
The XRR patterns in Figure 5.4(a) indicate all Ru surfaces are rougher as deposited 
compared to the surfaces after ALE is performed, which is evidenced by the lack of 
reflections in the range, 3° < 2θ < 6° before etching, and clear reflections emerging after 
ALE is performed. This observation is consistent across all XRR patterns in Figure 5.4(a). 
20 × 20 µm2 atomic force (AF) micrographs of an as deposited Ru film, and Ru after 5, 
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and 15 ALE cycles are also shown beneath the XRR curves. The roughness, Ra, is 2.4, 0.4, 
and 1.0 Å, for samples as-deposited, after 5 ALE cycles, and 15 ALE cycles, respectively. 
We note that Ra of the as-deposited surfaces varies by 2 Å, however, the clarity in 
reflections in XRR curves improves for all samples. This implies that as ALE is performed, 
the surface roughness is reduced. This could possibly affect the oxidation rate during the 
oxidation half-cycle.  
ALE is also performed at 150 °C with the same oxidation and etching half-cycles 
as described for 100 °C and the  XRR and AF micrographs are shown in Figure 5.4(b). The 
change in thickness is 6, 12 and 16 ± 2 Å for 5, 10, and 15 ALE cycles, respectively. This 
results in an overall etch removal amount at 150 °C of 0.96 ± 0.15 Å/cycle (Figure 5.5).  
Again, the surface roughness is reduced, as evidenced by the quality of reflections in the 
range 3° < 2θ < 6°, which improve after ALE is performed. AF micrographs reveal Ra of 
Ru as-deposited, after 5 ALE cycles, and after 15 ALE cycles is 2.4, 1.6, and 1.2 Å, 




Figure 5.4. XRR and AF micrographs are shown for ALE cycles of 2 min VUV/O2 co-
exposure at 1 Torr O2 followed by a 1.5 min Ar purge, followed by 30 sec of 
HCOOH vapor exposure at 0.50 Torr, followed by a 2.5 min Ar purge 
(120/90/30/150). XRR curves before and after 5, 10, and 15 ALE cycles at 
100 °C are shown in (a), while XRR of films before and after 5, 10, and 15 
cycles at 150 °C are shown in (b). For each set of XRR curves the top curve 
is the as-deposited film and the bottom curve is the film after the specified 
number of ALE cycles.  The XXR set associated with 20 cycles in (a) 
corresponds to the 10 cycle-treated film, which is subjected to an additional 
10 cycles. The thickness of each film is shown above each XRR curve in the 
same color. AF micrographs of the surface as-deposited and after 5, and 15 
cycles are shown below each set of XRR curves, where the micrograph 
color border identifies which XRR curve is the same condition. All AF 
micrographs are 20 × 20 μm2, and scale bars are 5 μm. The roughness of the 
AF micrograph is shown inset. 
  
 
Figure 5.5. Change in thickness as determined by fits of XRR data are shown for 5, 10, 
and 15 ALE cycles (120/90/30/150) at 100 °C (blue), and 150 °C (red). The 
line of best fit for the each of the three data points is shown, where the slope 
of the line is indicated inset. The cumulative thickness change of a sample 
treated with 10 cycles (120/90/30/150, at 100 °C) and exposed to 10 
additional cycles (20 cumulative ALE cycles) is shown with a diamond. 
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The thickness change between 10 cycles and 15 cycles at 100 °C is modest at 1 Å 
in comparison to 6 Å removed in the first 5 ALE cycles. Figure 5.4(a) also presents a set 
of XXR curves labeled 20 cycles. The 20 cycles indicated are cumulative, where the 
starting substrate is the sample treated with 10 cycles exposed to 10 additional cycles (i.e., 
10 cycles + 10 additional cycles of 120/90/30/150).  The cumulative amount of material 
removed is 14 Å and the incremental amount after the additional 10 ALE cycles is 1 Å. 
This cumulative thickness change for this sample is plotted using a diamond (à) in Figure 
5.5.  The amount of Ru etched in the HCOOH half-cycle depends on the amount of RuO2 
formed in the VUV/O2 half cycle. As previously noted, the roughness decreases with 
increasing numbers of ALE cycles, and we associate the reduced removal rate to a 
decreased rate of oxidation. 
The VUV/O2 exposure time was increased to test the hypothesis that oxidation rate 
slows as the roughness is reduced.  The film presented in Figure 5.4(a) that is not etched 
after 20 cumulative ALE cycles (120/90/30/150) was exposed to 5 additional cycles (i.e., 
25 cumulative cycles) using a longer oxidation half-cycle.  The 5 additional cycles used 5 
min VUV/O2 co-exposures (300/90/30/150).  XRR of the film after 5 additional cycles (25 
cumulative ALE cycles) is shown in Figure 5.6. XRR of the samples with 10, and 20 
cumulative cycles are reproduced for comparison. The cumulative amounts of Ru removed 
after 10, 20, and 25 cycles are 13, 14, and 19 ± 2 Å. Approximately 5 Å is removed after 5 
additional 300/90/30/150 cycles, indicating the etch rate, and extent of oxidation is 
restored, consistent with the hypothesis that oxidation rate decreases as the film is subjected 
to ALE cycles.   
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Figure 5.6. XRR of a single Ru film with 10, 20, and 25 cumulative ALE cycles at 100 
°C. XRR of the Ru film before any treatment, after 10, and 20 ALE cycles 
(120/90/30/150) is shown. The same Ru film with 5 additional cycles (25 
ALE cycles total) of a 5 min VUV/O2 co-exposure (300/90/30/150) is also 
shown. The number of etch cycles increases moving down the y-axis. The 
thickness corresponding to each XRR curve is shown above each curve on 
the far right. 
 
We note that etching arising from O3 must be considered in co-exposures of 
VUV/O2.  Ozone has been shown to form RuO4 at 100 – 150 °C and this forms the basis 
of a Ru etching process via RuO4 sublimation.17 The possibility that RuO4 could have 
formed and contributed to the etching reported herein is explored by co-exposing Ru to 
VUV/O2 at 1 Torr O2, and 100 °C, for 30 min. Thirty min corresponds the equivalent 
VUV/O2 exposure associated with 15 ALE cycles with 2 min VUV/O2 oxidation half-
cycles. XRR before and after exposure (not shown) indicate no change in Ru film 
thickness. The only detectable change, however, is a roughening of the surface, that is 
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indicated with lower quality reflections in the range 3° < 2θ < 6°. Roughening of the surface 
with co-exposure of VUV/O2 is consistent with previous observations on Pd.19 
Additionally, ALE cycles without VUV photons (i.e., a thermal O2 exposure at 100 °C, 
with 120/90/30/150 ALE cycles) result in no change in thickness (XRR not shown). This 
indicates ALE of Ru requires VUV/O2 to proceed. 
5.3.3. DFT OXIDANT ADSORPTION STUDIES AND NEB CALCULATIONS FOR O 
DIFFUSION 
The experiments presented above illustrate that atomic O and O3 that are incident 
on the Ru and oxidized Ru surfaces contribute to the formation of RuO2 in the near surface 
region under VUV/O2 exposure.  There are numerous first principles studies of Ru, RuO2, 
and oxygen interacting with Ru and RuO2.23–30  We employ DFT as well to investigate 
VUV-enhanced oxidation. The detailed DFT results are presented in Appendix G and are 
in agreement with the structural models and the energetics of atomic and molecular oxygen 
on Ru(101) and Ru(002).  Table G.1 presents the structural results.  Adsorption geometries 
are presented in Figure G.2 for atomic O and O3 on (2×2) Ru(002) and Ru(101). Table G.2 
presents adsorption energies predicted by DFT for O, O2, and O3 on (2×2) Ru(002) and 
Ru(101). The adsorption energy, Eads, for atomic O adsorbing onto bare (101) and (002) 
surfaces is 5.63 eV and is 6.07 eV, respectively, which are in agreement with previous 
reports. Other DFT reports estimate adsorption of atomic O on Ru has an adsorption energy 
of 5.37 – 5.32 eV, and 5.15 – 5.26 eV on Ru(101) with 0.50, and 1.0 ML O coverage,23,55 
and 5.64–6.28 eV, and 5.52 – 5.43 eV, and 4.78 – 5.07 eV on Ru(002) with 0.25, 0.50, and 
1.0 ML O coverage, respectively.23,47,55,56  
Adsorption energetics and structures are also calculated for Ru slabs with O 
incorporated in between Ru atomic layers. Top and side views of the optimized O layered 
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Ru slabs are shown in Figure 5.7. Atomic O incorporation into Ru is performed by 
propagating an equivalent surface of 0.50 ML surface coverage to subsurface layers. This 
is done by optimizing O atom positions on the surface, noted to be one hcp site with an 
occupied fcc site adjacent for (002), and a “zig-zag” series of surface rows for (101) 
(denoted 1 O layer, Figure 5.7(a), and (b), for (002), and (101), respectively), which is 
consistent with other reports.24,26,31 Atomic O is incorporated into the substrate Ru by 
keeping the same surface coverage, and propagating O atom positions in between the first 
and second Ru atomic layers (denoted 2 O layers, Figure 5.7(c), and (d), for (002), and 
(101), respectively), and between the first, second, and third, atomic Ru layers (denoted 3 
O layers, Figure 5.7(e), and (f), for (002), and (101), respectively). Slabs with O layers are 




Figure 5.7. 1, 2, and 3, O layered structures are shown for (2 × 2) Ru(002) and Ru(101), 
and two copies of each unit cell in the x and y directions are also shown. 
Ru(002) and (101) slabs with 1 O layer are shown in (a), and (b), 
respectively. Ru(002), and Ru(101) slabs with 2 O layers are shown in (c), 
and (d), respectively. Ru(002), and Ru(101) slabs with 3 O layers are shown 
in (e), and (f), respectively. The top and side views of each structure are 
shown as well. Surface Ru atoms are light green circles, while O atoms are 
small red circles, and Ru metal atoms are silver circles. The layer number 
(i.e., n = 1, 2, 3… etc.) is also indicated in (b). 
Eads for O adsorbing onto the O layered structures is given in Table 5.1. Eads for O2, 
and O3 adsorbing onto O layered structures is given in Appendix G Table G.3. Eads for 
atomic O on Ru(002), and Ru(101) with 1 O layer is 5.32, and 5.04 eV, respectively, in 
line with previous reports.23,47,55,56 This is a change of -0.75 eV, and  -0.59 eV relative to 
bare (002), and (101). While adsorption is made less favorable by the presence of a 2D 
surface oxide, it is still exothermic. Eads for atomic O does not monotonically decrease, 
however, as the trend in Eads has a local minimum when 2 O layers are incorporated on 
Ru(002), and when 3 O layers are incorporated on Ru(101).  
Table 5.1. DFT results of adsorbing O onto Ru(002), and Ru(101) are shown. The 
number of O layers is indicated for each Ru slab. 
Species n O layers Eads (eV) 
Ru(002)/O 1 5.32 
Ru(002)/O 2 4.23 
Ru(002)/O 3 4.88 
Ru(101)/O 1 5.04 
Ru(101)/O 2 5.17 
Ru(101)/O 3 4.49 
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Self-limiting behavior in the oxidation of Ru from co-exposure to VUV/O2 is 
examined in more depth with the NEB method, where oxygen diffusion into a Ru surface 
with O incorporation is explored. NEB structures are first optimized and a “probe” O atom 
is placed on the surface for diffusion. The O atom is then propagated through the structures 
between the n = 1, and 2, layers, followed by the n = 2, and 3 layers, and finally between 
the n = 3, and n = 4 layers as indicated in Figure 5.7. All NEB diffusion studies, like O 
layered incorporation studies, are performed using Ru slabs consisting of six atomic layers. 
This is done to allow at least one atomic layer to relax in between the layers containing the 
O “probe” atom, and the layers representing the bulk Ru film. Ru(002) with 1 and 2 layers 
of O incorporation, as shown in Figure 5.7(a), and (c), are explored in the NEB calculation, 
as clean Ru is unlikely to be a relevant surface kinetically, as experiments, and simulations 
indicate.  
The approximate minimum energy path (MEP) for Ru(002) with 1, and 2 O layers 
incorporated is shown in Figure 5.8 in red, and blue, respectively. For O diffusion through 
Ru(002) with 1 O layer on the surface, the activation energy, Ea, of O to move subsurface 
is 2.11 eV, and going from a subsurface location to the surface, Ea is 0.17 eV. This disparity 
indicates that diffusion subsurface is difficult, and requires a high O concentration on the 
surface to proceed. Diffusion through the n = 3, and 4 layers must overcome an overall 
barrier of 2.77 eV. As the trend in Ea indicates, continued O diffusion into Ru is 
challenging, becoming increasingly difficult for O moving past the second atomic layer of 
Ru. We note that for a stoichiometric RuO2 to form from any oxidation process, Ru:O 
stoichiometry must be 1:2, which would correspond to a 2 O layered system in this 
illustration. It is also worthwhile to mention that atomic O has a calculated Eads of 5.32 eV 
on Ru(002) with 1 O layer, which is slightly less than |Emax – Emin|, which is 5.46 eV. 
Overall, the barrier to begin to form surface RuO2 is the activation Ea to move subsurface. 
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As Ea increases moving deeper into the substrate, further oxidation is not energetically 
favorable.  
Atomic O diffusion through a 2 O layered structure is shown in Figure 5.8 as well. 
There is a large barrier to diffusion subsurface, Ea of 1.98 eV, which is slightly reduced 
compared to the 1 O layer diffusion diagram (-0.13 eV). O is at an energetic minimum 
when it resides in between the first and second atomic Ru layers. The calculated Ea to move 
subsurface is consistent with other reports of O diffusion through Ru(0001) of 1.80 ± 0.15 
eV,57 and 1.99 eV for O to move subsurface for 0.75 ML O coverage on an hcp Ru 
surface.27 Continued diffusion past the second atomic Ru layer has an Ea of 5.10 eV, which 
we note, is larger than Eads for O adsorbing onto a 2 O layered Ru(002) system (4.23 eV). 
Therefore, it is energetically favorable for O to remain between the n = 1, and 2 atomic Ru 
layers, which is consistent with the observation of self-limiting behavior from XPS, as well 
as ALE cycles. McCoy et al.31 report a self-limiting oxidation of Ru from O generated by 




Figure 5.8. Approximate MEP of Ru(002) with 1 and 2 O layers incorporated, shown in 
red, and blue, respectively. The activation energy for each energy maximum 
and minimum are shown in numbers next to arrows at the respective 
extrema, in text that corresponds to the color of the parent curve. The 
reaction coordinate is the O penetration depth, relative to the starting 
position that is optimized in separate calculations. Free atomic O is shown at 
the left of the curves for reference to adsorption energy calculations. 
Selected images from the NEB calculation are shown beneath the figure, 
where 1 O layer Ru structures are shown with red borders, and 2 O layer 
structures are shown with blue borders. Image labels are in the upper left 
next to each image, and also indicated on the MEP, where integers 
correspond to the E minima that are depicted in the selected images. 
 
5.4.DISCUSSION 
Chang and co-workers report,21,22 HCOOH etching of oxidized Co, Fe, Ni, Pd, Pt 
metals.  Our results show that HCOOH also works to etch oxidized Ru, RuO2. The etching 
half cycle in a metal ALE process is relatively straightforward, however, the challenge in 
realizing metal ALE is to find a self-limiting oxidation processes. Through the application 
of VUV/O2 at 100 to 150 °C we show that gas phase atomic O generated with a D2 lamp 
produces a sufficient amount of adsorbed atomic O to drive the diffusion of this atomic O 
into Ru, which is in agreement with the findings of McCoy et al. over a similar temperature 
range.31 We observe that atomic O is responsible for oxidation at the conditions explored 
herein, as shown in Figure 5.3. We also note that there is likely a competition between 
oxidation by atomic O and O3 for Ru, as regimes of etch selectivity have been reported for 
controllable ratios of atomic O to O3,17 which suggests selectivity in oxidation may be 
achievable.  
DFT is used to explore adsorption characteristics of oxidants onto Ru surfaces with 
increasing O content. Structures and energetics of oxidants adsorbing onto bare Ru(101), 
and Ru(002) are shown in Figure G.2, and Tables G.1, and G.2. Adsorption energetics for 
 135 
atomic O adsorbing onto O layered Ru are presented in Table 5.1. Briefly, we find that 
adsorption, while still exothermic, is less favorable as more O is incorporated into the Ru 
slab. Atomic O adsorption is still exothermic, though there is a decrease in Eads as more O 
is incorporated into the surface. This suggests that there is little to limit the amount of O 
that adsorbs onto the Ru surface, so that subsurface diffusion is likely the root of the self-
limiting behavior observed in experimental studies.  The NEB calculations (Figure 5.8) 
illustrate the energetic barrier for atomic oxygen to diffuse into the ruthenium is close to 
the Eads of atomic O on the Ru surfaces studied in DFT (Tables 5.1, G.2, and G.3). Through 
a combination of substrate temperature and VUV/O2 exposure time it is possible to realize 
Ru etch removal amounts of ~ 1 Å/cycle (Figure 5.5).  It is this removal amount per cycle, 
and the self-limiting oxidation shown in Figures 1, and 2, that lead us to describe the work 
reported herein as an ALE process. 
The oxidation rate is observed to decrease as ALE is performed, which indicates 
that oxidation, and etch amount, depend on the surface characteristics. We have shown the 
extent of Pd oxidation, and in turn the amount of Pd etched, using VUV/O2 is greater for 
discontinuous Pd films than it is for void-free films.19 The AFM and XRR results illustrate 
the Ru films are rougher at the outset and become smoother after treated with only 5 ALE 
cycles (Figure 4). 
It is important to note that, while atomically smooth facets are used to understand 
adsorption characteristics in DFT and NEB calculations, it is not expected that this reflects 
the true mechanism of oxidation on Ru films owing to different diffusion pathways on the 
surface, and through the Ru film, and the existence of higher order facets on the surface. 
Higher order facets undoubtedly accompany the roughness of as deposited Ru thin films. 
As etching proceeds, the roughness, along with prevalence of higher order facets, is 
reduced. This has the effect of reducing the exposed surface area, and number of surface 
 136 
configurations, available during oxidant adsorption, likely reducing the oxidation rate. We 
explore this by increasing the time of VUV/O2 co-exposure during oxidation half-cycles 
for a 10 ALE cycle-treated substrate that is observed to experience minimal (i.e., 1 Å) 
etching with 10 additional ALE cycles (120/90/30/150). The film thickness is reduced after 
increasing the VUV/O2 co-exposure time from 2 min to 5 min (i.e., ALE cycles of 
300/90/30/150), suggesting that oxidation kinetics are a limiting factor in allowing ALE to 
proceed. The existence of higher order facets likely is responsible for the difference in 
oxidation kinetics on Ru.  
 
5.5.CONCLUSIONS 
VUV enhanced ALE of Ru metal is demonstrated. ALE is accomplished with a 
half-cycle that oxidizes near surface Ru in a self-limiting manner, followed by a half-cycle 
that etches oxidized Ru metal. Oxidation half-cycles consist of co-exposure of VUV/O2 for 
2 min at 1 Torr O2, while etching half-cycles consist of exposure to HCOOH vapor at 0.50 
Torr for 30 sec. Ar is used to purge the reactor between oxidation and etching half-cycles 
for 1.5, and 2.5 min, respectively. This yields controllable oxidation of the Ru, and yields 
an etch rate that decreases with ALE cycles if co-exposure time is held constant. The 
differential removal amount for 5 cycles (i.e., material removed between 0 and 5 cycles) at 
100, and 150 °C is 1.10, and 1.20 Å/cycle, respectively, indicating a slight increase in etch 
rate with temperature. DFT results suggest that all oxidants (O, O2, and O3) adsorb strongly 
to the bare Ru surface, and equilibrate at a surface coverage between 0.50 and 0.75 ML O. 
Subsurface O diffusion is probed using the NEB method, which demonstrates a large 
activation energy, Ea, barrier to diffusion for an O atom to move beneath the subsurface 
layers (i.e., beyond n = 2 atomic layers of Ru).  These findings suggest self-limiting 
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behavior is due to the inability of the RuO2 front to propagate through bulk Ru. We use 
this reasoning to suggest that the decrease in etch rate as ALE is performed is likely due to 
a slowing oxidation rate, which tend towards self-limiting behavior with longer VUV/O2 
co-exposure times. This hypothesis is substantiated using a Ru sample exposed to 10 
additional ALE cycles with 2 min VUV/O2 oxidation half-cycles, which is observed to be 
only minimally etched. The same film is then exposed to 5 ALE cycles with 5 min VUV/O2 
oxidation half-cycles. This increased time of oxidation half-cycles restores the etch rate 
that is observed for few ALE cycles.  
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Chapter 6: Area Selective Atomic Layer Deposition of BaTiO3 for 
Photonic Devices 
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Materials, 2019, 31, 5558-5565. 
Supporting information is found in Appendix H. 
6.1.INTRODUCTION 
Epitaxial crystalline oxides have received interest for their ferroelectricity, 
piezoelectricity, high permittivity, electro-optic effect, and ferromagnetism.1–10 Of 
particular interest are BaTiO3 (BTO),1 SrTiO3 (STO),4,11 and BaxSr(1-x)TiO3.12 BTO has 
received attention due to its potential applications in ferroelectric field effect transistors,13–
16 negative-capacitance devices,17 and nanophotonic devices.18–20 Devices using crystalline 
perovskites such as BTO require patterning and monolithic integration with 
semiconducting substrates. BTO patterns have been defined using sacrificial SiO2 lift-off 
procedures,14 or Cl etching.15 However, build-up of Ti-containing etch products on the 
surface,21,22 and decreasing nanofeature dimensions, make monolithic integration of 
patterned perovskites difficult using existing techniques. A potential solution to the 
challenges in defining crystalline BTO patterns is bottom-up area-selective (AS) 
patterning. 
Typically, BTO is deposited using pulsed laser deposition,7 chemical vapor 
deposition,23 molecular beam epitaxy (MBE),24 RF Sputtering,25 or atomic layer deposition 
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(ALD),1,2 however, ALD is the most amenable to AS patterning in next generation device 
fabrication. ALD is a well-known self-limiting, low temperature, conformal deposition 
technique, which offers precise thickness control over nanofeature dimensions via 
chemical surface reactions. Additionally, low temperature ALD growth of BTO makes it 
compatible with organic blocking layers that may be thermally sensitive. Area selectivity 
has been accomplished by locally catalyzing surface reactions,26  or using tone reversal 
methods involving sacrificial amorphous carbon structures.27 Area selectivity can also be 
accomplished by changing surface reactivity with methods such as hydrogen depassivation 
lithography,28 or thermochemical surface modification of PMMA as a resist layer,29 where 
modification of the PMMA resist layer restricts surface adsorption by defining 
hydrophobic organic regions. Controlling adsorption of precursors with hydrophobicity is 
amenable to BTO ALD, as AS-ALD on oxygen-rich hydrophilic surfaces is well 
known.2,30,31 AS-ALD can be performed using self-assembled monolayers,32,33 directed 
self-assembly of di-block copolymers,34,35 photolithographic exposure of polystyrene 
(PS),36 and electron beam induced deposition.37 While these techniques have been shown 
to enable AS-ALD, we are unaware of any report on AS-ALD growth of films leading to 
a single crystal layer, such as epitaxial BTO. 
Depositing epitaxial films on surfaces with a process history is a major challenge, 
as growth of functional perovskite films and epitaxy are sensitive to the deposition surface. 
Furthermore, patterning for AS-ALD is typically implemented by subjecting the surface to 
chemical treatments. As a result, it is important to understand if the patterning process 
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alters the surface cleanliness, and if there is any effect on deposition. We find ALD of BTO 
is generally amorphous as-grown if the substrate is not a pristine template layer prepared 
in ultra-high vacuum.1,2 Subsequent crystallization of the perovskite film requires epitaxy, 
using the substrate as a crystalline template. To the extent epitaxy is dependent on the 
quality of the interface, it is important to understand if the interface quality is retained 
throughout the AS process.   
Herein we explore the effect of surface treatment in the AS-ALD of crystalline 
BTO. ALD of BTO is investigated after subjecting a crystalline STO(001) surface to PS 
deposition and removal. Subsequent crystallization behavior is also probed. BTO 
crystallizes after using photolithographic exposure of PS and solvent-based removal of 
uncrosslinked PS to define the active area. STO(001) is used for epitaxial crystallization in 
this demonstration for convenience and similarity between prior demonstrations that 
showed monolithic integration of BTO onto Si(001) using a ~2 nm-thick STO template 
layer.2,38 AS-ALD is shown to be a promising technique to enable epitaxial structures with 
potential uses in a variety of photonic devices. 
6.2.EXPERIMENTAL METHODS 
 A 2 wt% PS solution was made by mixing propylene glycol monomethyl ether 
acetate with polystyrene (Sigma-Aldrich, 200,000 Da). 10 ´ 10 mm2 STO(001) single 
crystal substrates (MTI corporation) were cleaned by sonicating for 10 min in acetone 
(99%, Fisher Scientific), followed by 2-propanol (99%, Fisher Scientific), and finally with 
18.2 MΩ∙cm water (Millipore). STO(001) substrates were then placed in a UV-ozone 
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generator, which produces light at 185 nm and 254 nm, (Novascan PSD Digital UV Ozone 
System) for 15 min. Substrates were subsequently placed on a spin coating system (Smart 
Coater 100, Weinview), had the 2 wt% PS solution pipetted onto the surface, and spun for 
1 min at 2000 rpm.  Substrates were immediately placed on a heated surface at 100 °C to 
allow the propylene glycol monomethyl ether acetate to evaporate. This produced PS films 
that were 45 nm thick. 
Crosslinking of the PS was performed in a UV-ozone generator, where N2 (Airgas, 
99.999%) was used to continually purge the system of oxygen. Following the procedure in 
Ref. 39, the shadow mask was placed on top of the substrate before purging. The shadow 
mask was a SiO2 mask that consisted of a grid of squares that decreased in size from 250 
μm to 50 μm. The UV-exposure enclosure was purged with N2 for 30 min before the UV 
lamp (λ < 254 nm) was turned on. The exposed PS was crosslinked during UV exposure, 
while the PS beneath the shadow mask was left uncrosslinked. Uncrosslinked PS was 
removed by rinsing with toluene (99%, Fisher Scientific) for 1 min.  The complete process 






Figure 6.1. The process flow for creating patterned PS and subsequent BTO ALD. PS is 
spun onto the STO(001) surface. A shadow mask is then placed on top of 
the PS layer, which blocks areas of the surface from UV exposure (𝜆	< 254 
nm). The areas of the PS layer that are exposed to UV light are crosslinked, 
while the areas beneath the shadow mask are uncrosslinked. Toluene is used 
to remove the uncrosslinked PS, which exposes the STO(001) surface. BTO 
ALD then takes place, and grows on the exposed substrate. After ALD 
growth, crosslinked PS is removed using an O2 plasma. Finally, surface 
crystalline order is monitored with RHEED, and the substrate is annealed to 
50 °C above the temperature at which crystallization is observed. 
Crystallization is performed in an O2 atmosphere of 1 × 10-6 Torr. 
BTO growth, X-ray photoelectron spectroscopy (XPS) analysis, and reflective high 
energy electron diffraction (RHEED) analysis take place in a system comprised of a 
custom-built ALD reactor connected via a UHV transfer line. A more detailed description 
can be found elsewhere.1,4,40 The ALD reactor is a stainless steel chamber operating at a 
background pressure of ~1 Torr during deposition. Ar is used as both carrier and purge gas 
in the ALD chamber. The precursors are vaporized thermally and introduced into the ALD 
reactor via a gas manifold. ALD growth of BTO has been reported previously.2,41,42 Barium 
bis(triisopropylcyclopentadienyl) [Ba(iPr3Cp)2], and titanium tetraisopropoxide[(Ti(O-
iPr)4] (TTIP) were used as the Ba and Ti precursors, respectively, while deionized water 
was used as the oxidant. The Ba and Ti precursors were kept at 150 °C, and 37 °C, 
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respectively, while deionized water was kept at room temperature. The number of unit 
cycles for each element is adjusted to obtain a near-stoichiometric composition (i.e., 
ABO3).1 ALD-grown BTO was amorphous as deposited at 225 °C. BTO films were 
annealed in 1 × 10-6 Torr partial pressure of O2 by ramping the temperature to 600 °C at a 
rate of 20 °C/min. The temperature was raised an additional 50 °C greater than the 
crystallization temperature by ramping at a rate of 10 °C/min and held at the final 
temperature for 10-15 min to allow for complete crystallization. The onset of crystallization 
is established using reflective high-energy electron diffraction (RHEED), and observed 
between 770 °C and 850 °C.  Blanket films are used to calibrate the stoichiometry and 
crystallization parameters, which were repeated over on PS-patterned substrates. 
RHEED and XPS are used in situ to monitor the surface order, and composition of 
the sample, respectively, without risk of contamination. XPS uses a monochromated Al Ka 
X-ray source with a photon energy of 1486.6 eV and a VG Scienta R3000 analyzer. After 
deposition, and sometimes after UHV post-deposition annealing, X-ray diffraction (XRD) 
and X-ray reflectivity (XRR) are used to characterize the film crystalline structure and 
thickness. XRD and XRR are performed using a Rigaku Ultima IV diffractometer with a 
Cu Ka  X-ray source. XRR is taken without any monochromator in the beam path, while 
XRD was taken using a Ge monochromator. BTO film thickness was determined by fitting 
the XRR data using GenX.43 
 Crosslinked PS is removed ex situ in a capactively coupled plasma etching 
chamber (Oxford PlasmaLab). The plasma etching chamber was purged three times by 
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flowing 20 sccm of Ar to maintain a pressure of 30 mTorr within the chamber for 1 min. 
The chamber is then evacuated to 1 × 10-6 Torr. This procedure is repeated twice before 
etching takes place. An O2 plasma is used to remove crosslinked PS, which has an etch rate 
of ~13 nm/min using 20 sccm of O2 at 100 W RF power and no ICP power applied. 
Crosslinked and uncrosslinked PS is measured ex situ using spectroscopic ellipsometry 
(J.A. Woolam), and fit using a Cauchy model (CompleteEase, J.A. Woolam).  
Atomic force microscopy (AFM, Asylum Research) is obtained in tapping mode, 
and height images are obtained using Si cantilevers (HQ:NSC15/Al BS, μmasch). Images 
are analyzed using Gwyddion (v2.47). Top view scanning electron microscopy (SEM, FEI 
Quanta 650 ESEM) is obtained using a 30 kV electron beam. 
Chemical spatial mapping is obtained with time of flight secondary ion mass 
spectroscopy (TOF-SIMS) using a TOF.SIMS 5 instrument (ION-TOF GmbH, 2010). A 
short (100 ns) pulsed primary ion beam (Bi+, 30 keV energy, ~3.1 pA measured sample 
current) is rastered either over a 200 µm × 200 µm or 100 µm × 100 µm area on the sample 
surface to collect surface chemical maps. Depth profiling is done using a shorter primary 
ion beam  pulse (~18 ns) in a 100 µm × 100 µm area focused within a 250 µm × 250 µm 
area that was sputtered by a secondary ion beam (Cs+, 500 eV energy, ~50 pA measured 
sample current). Depth profiles are acquired within the UHV system, which has a base 
pressure of ~5 × 10-10 Torr in noninterlaced mode (i.e., sequential data acquisition and 
sputtering) and with the primary ion beam in high current bunched mode. All detected 
secondary ions have positive polarity with mass resolution >13,000 (𝑚/𝛿𝑚). 
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6.3.RESULTS AND DISCUSSION 
6.3.1. PASSIVATING ABILITY OF POLYSTYRENE TO BTO ALD 
 PS was used as a blocking material in this work, thus its resistance to BTO ALD 
was probed first.  Figure 7.2 presents X-ray photoelectron (XP) spectra after 200 ALD 
cycles on crosslinked PS and on a STO(001) surface that had spincoated PS removed with 
a toluene rinse. 200 ALD cycles corresponds to a BTO thickness of ~12 nm on a bare 
STO(001) surface that was not exposed to PS. Figures 2(a) and (b) show the Ba 3d and Ti 
2p XP spectra, respectively. The Ba 3d XP signal is significantly reduced and the Ti 2p 
signal is undetectable by XPS after 200 ALD cycles on crosslinked PS compared to the 
STO(001) substrate. Some Ba precursor adsorption occurred on crosslinked PS as indicated 
by the presence of Ba 3d XP signal in Figure 7.2(a). The crosslinked PS surface before 
BTO deposition has a weak O 1s XP signal at 534.1 eV, indicating PS incorporated oxygen 
during crosslinking (Figure 7.2(c). This is expected with a non-air tight UV generator, 
which can allow residual oxygen into the enclosure during crosslinking.36 After 200 ALD 
cycles, the O 1s signal shifts to lower binding energy, 529.5 eV. Oxygen present during 
the UV exposure is typically incorporated as a carbonyl oxygen in PS.44 Carbonyl oxygen 
in the crosslinked PS surface is likely the adsorption site for the Ba precursor.  In separate 
control experiments uncrosslinked PS is subjected to 200 ALD cycles. The Ba 3d, Ti 2p, 
O 1s, and C 1s XP spectral signals do not change after 200 ALD cycles (not shown) from 
the spectra recorded before ALD. Uncrosslinked PS is inert to BTO ALD so it is expected 
that crosslinked PS would be inert with more effective purging of the UV exposure 
chamber.   
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Figure 6.2. (a) Ba 3d and (b) Ti 2p XP spectra of a crosslinked PS film, a crosslinked PS 
film exposed to 200 ALD cycles at 225 °C, and 200 ALD cycles on a 
STO(001) substrate that had PS deposited and removed by rinsing with 
toluene (c) O 1s XP spectra for a crosslinked PS surface, and 200 ALD 




 The morphology of the STO surface is investigated after PS deposition and 
removal. The process of depositing/removing PS should leave the surface of STO 
unchanged, so as to allow ALD growth and BTO crystallization in subsequent steps (Figure 
7.1). The AFM image of a STO(001) surface exposed to PS deposition and removal with 
toluene is seen in Figure 7.3(a). For reference we measure the roughness (Ra) of an as-
received STO(001) crystal is ~2 Å, while the roughness (Ra) of an ALD-grown BTO film 
on a cleaned STO(001) crystal not exposed to PS is ~7 Å. The roughness of the surface 
shown in Figure 7.3(a) is the same as the as-received STO crystal. BTO ALD is performed 
on surfaces similar to the one presented in Figure 7.3(a).  The deposition and removal of 
PS does however introduce sparse particles onto the surface, which are the bright spots 
seen in the AFM image. Despite the introduction of particles to the surface, the surface 
roughness change is undetectable by AFM, signifying restoration of the STO(001) surface 
to its initial condition. 
 Removal of crosslinked PS, which is performed after BTO ALD (Figure 7.1), 
should leave the surface unaffected as well to allow for further processing in device 
fabrication. Crosslinked PS is removed using an O2 plasma etch. Optimal conditions for 
crosslinked PS removal are found by varying the RF power applied and the Ar/O2 gas flow 
rate. The final parameters (20 sccm O2, 0 sccm Ar, 100 W RF power, 0 V bias) are found 
to yield the best results. The STO surface after crosslinked PS removal can be seen in 
Figure 7.3(b). Crosslinked PS etching left more particles on the surface compared to 
uncrosslinked PS removal with toluene; the roughness after O2 plasma etching was 4.2 Å. 
 152 
Light redeposition of BTO occurred during this O2 plasma etching step as probed by TOF-
SIMS (discussed below) and may have contributed to the increased roughness.    
 
Figure 6.3. (a) AFM image of an STO(001) surface that had PS spincoated on and 
subsequently rinsed off with toluene. The roughness of the film is 2.2 Å. (b) 
AFM image of an STO(001) surface that had PS spincoated on and 
crosslinked by exposure to UV light. PS was then removed in an O2 plasma 
etch. The roughness of the surface after plasma exposure is 4.2 Å. Both 
images are 5 μm × 5 μm. 
 
 
6.3.2. GROWTH OF EPITAXIAL BTO 
 A bare STO(001) surface was subjected to PS deposition without crosslinking and 
the PS was subsequently removed with a toluene rinse. Additional solvents and methods 
were investigated to find the optimal rinse for removal of PS. Isopropanol, acetone, and n-
hexane all partially removed the PS, while toluene was the most effective at removing 
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uncrosslinked PS to allow for both BTO ALD and epitaxy.39 The resulting toluene-rinsed 
surface is then exposed to 200 ALD cycles and RHEED is used to determine the onset of 
crystallization. Crystallization of the ALD-grown BTO film is strongly dependent on 
composition of the film. The stoichiometry of Ba:Ti that yielded the lowest crystallization 
temperature is 1:1, with crystallization observed at 770 °C at an oxygen partial pressure of 
1 × 10-6 Torr.  Ba:Ti ratios that deviate from 1:1 result in higher crystallization 
temperatures. Nonstoichiometric Ba:Ti films resulted in crystallites forming that are only 
observable as a secondary pattern in RHEED images, likely due to a Ti-rich surface region 
that exhibited different surface order than the bulk perovskite.45  All BTO films reported 
herein are stoichiometric in Ba:Ti unless otherwise noted.  
XRD is used to confirm the single crystalline nature of the BTO, which is seen in 
Figure 7.4(a) and 4(c). Two features are observed: a higher intensity feature at 46.5° is 
attributed to the substrate STO(002) peak, and a lower intensity feature located at 45.1° is 
attributed to BTO(002). No other peaks are observed for BTO. A wide-angle scan is also 
presented in Figure 7.4(c). The wide-angle scan shows three main features at ~22°, ~46°, 
and ~72°, which are the (00l =1, 2, 3) STO substrate peaks. Additionally, at the ~22°, and 
~46° peak locations, two features are present due to the registry between BTO and STO. 
The feature at ~22° is comprised of STO(001) at 22.8° and BTO(001) at 22.1°. The ~46° 
feature is the same shown in Figure 7.4(a), which arises from STO(002) and BTO(002) 
located at 46.5° and 45.1°, respectively. The feature at 72.6° is attributed to STO(003). 
BTO(003) could not be resolved by XRD as the BTO(003) feature is not expected to have 
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a large intensity.  The d-spacing for the BTO film is 4.02 Å ± 0.02 Å.  The out-of-plane 
lattice constant is close to the bulk value for tetragonal c-axis BTO, 4.036 Å,2 which 
indicates crystalline BTO is not strained to STO(001).  The rocking curve on the BTO(002) 
peak can be seen in Figure 7.4(b). The FWHM of the 002 rocking curve is 0.085°, which 
suggests the ALD-grown BTO is a high quality single crystal, with low mosaicity, and has 
epitaxially crystallized to STO(001). 
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Figure 6.4. (a)  Two-theta omega XRD scan of a 12 nm crystallized BTO sample, 
centered on the STO(002) and BTO(002) feature. (b) Rocking curve of the 
BTO(002) feature. The FWHM of the rocking curve is 0.085. (c) Two-theta 
omega XRD scan of (00l =1, 2, 3)  peaks (d) AFM image showing the 
surface of the crystallized BTO sample. The AFM image is 5 μm × 5 μm, 
with a surface roughness of 5.5 Å. 
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Film roughness was investigated using AFM, which is seen in Figure 7.4(d). The 
AFM image shows a 5 μm × 5 μm area with an average surface roughness of 5.5 Å 
compared to 2 Å for a STO(001) surface. This is in good agreement with the roughness we 
have observed for ALD-grown BTO films, which ranges 5-7 Å on a bare STO(001) 
surface, not subjected to the AS process. In summary, the BTO is single crystalline and has 
epitaxially crystallized on STO(001) that had been exposed to the PS deposition and 
toluene removal procedure.  
6.3.3. AREA-SELECTIVE ALD OF CRYSTALLINE BTO 
 Area-selective deposition is investigated by crosslinking PS on STO(001) surfaces 
with exposure to UV light (Figure 7.1). After rinsing uncrosslinked PS away with toluene, 
the patterned substrates are exposed to 200 ALD cycles. After BTO growth, crosslinked 
PS is removed by exposure to an O2 plasma, as discussed previously. The BTO film is then 
annealed in UHV under an O2 partial pressure of 1 × 10-6 Torr to allow crystallization. 
Crystallization is observed at 790 °C for the film shown in Figure 7.5. TOF-SIMS is used 
to obtain surface chemical maps, where the pattern was defined using a shadow mask 
(Figure 7.5(a)). Ba+ and Sr+ ion signals were chosen to represent the Ba-rich and Sr-rich 
regions, respectively, where Ba+ is continuous and shown in red, and Sr+ is discontinuous, 
shown in purple.  
A scanning electron micrograph of a wider area of the same region is shown in 
Figure 7.5(b). The dark regions in the scanning electron micrograph are STO, and 
correspond to the purple regions in Figure 7.5(a), while the bright regions are ALD-grown 
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BTO and correspond to the continuous red regions in Figure 7.5(a). The corresponding 
area of the patterned BTO seen in Figure 7.5(a) is indicated in a red square in Figure 7.5(b).  
Sr+ chemical maps showed Sr+ was contained to the STO(001) substrate region beneath the 
crosslinked PS as expected, while Ba+ was seen in the continuous region with some signal 
on the Sr-rich regions. The Ba+ observed on the Sr-rich region is likely due to redeposition 
of Ba during the O2 plasma etching step to remove crosslinked PS. Ba+ is observed 
throughout the STO(001) substrate region as well as in the BTO ALD-growth regions. The 
STO(001) substrate has 0.86 wt% Ba impurity per the manufacturer, which leads to the 
background signal observed in TOF-SIMS.  
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Figure 6.5. (a) TOF-SIMS chemical map of the pattern after 200 ALD cycles and PS 
removal. The continuous (red) region corresponds to Ba+, which originated 
from BTO, while the discontinuous (purple) region corresponds to Sr+, 
which originated from the STO substrate. The TOF-SIMS data was 
collected in a 200 µm × 200 µm region. (b) Scanning electron micrograph 
after 200 ALD cycles and PS removal on STO(001). Dark regions are the 
STO(001) substrate, while bright regions are ALD-grown BTO, which are 
purple and red, respectively, in Figure 7.5(a). The red square in Figure 
7.5(b) is a representative area that is shown in Figure 7.5(a) and a 
representative of the area analyzed with TOF-SIMS, while the green square 
shows the representative area used for XRD and AFM analysis. 
 
Redeposition and composition of the BTO features are investigated using TOF-
SIMS as shown in Figure 7.6. It is worth noting that TOF-SIMS records a 2-D image as it 
sputters, so that features smaller than ~300 μm on a planar surface will appear as a 2-D 
projection in the TOF-SIMS image due to the negligible difference in ions’ time of flight 
to reach the detector. Thus the BTO pattern appears sunk into the STO substrate in Figure 
7.6. The Sr+ signal can be seen in Figure 7.6(a), where the background is indicated as dark 
blue on the top of the pads at the four corners and at the bottom of the trenches and is 
limited to the STO substrate. Ba+, as seen in Figure 7.6(b), is most concentrated in the 
middle region, where BTO deposition occurred due to AS-ALD. There is some Ba+ 
localized onto the surface of the STO pads, which is most likely due to redeposition during 
O2 plasma etching. Surface Ba+ is removed with light sputtering, as indicated by the Ba+ 
signal dropping to the background level associated with the 0.86 wt% Ba impurity in STO.  
The ultrathin surface Ba+ on the Sr-rich region is not continuous, and unlikely to have 
originated during ALD growth, as once nucleation occurs, growth persists. The overlay of 




are confined to the regions defined during PS crosslinking. The interface of STO/BTO is 
seen at the bottom of the trenches in Figure 7.6(a). A carbon C+ signal, due to adventitious 
C or PS sources from the toluene rinse, would be visible in this location, however, the C+ 
TOF-SIMS signal intensity at the interface was not different than the background C+ signal 
throughout the STO/BTO (not shown). 
AFM is used to investigate feature fidelity of the BTO patterns, which is seen in 
Figure 7.7(a), which again corresponds to the red square in Figure 7.5(b). Horizontal lines 
correspond to extracted height profiles shown in Figure 7.7(b). The low regions in Figure 
7.7(a) correspond to the substrate, STO(001), where the PS is crosslinked during exposure. 
Figure 7.7(c) shows the TOF-SIMS chemical map, where the STO substrate is 
discontinuous and visible in the corners (purple), while the ALD-grown BTO is the 
continuous (red) raised region. The raised regions correspond to PS areas that are blocked 
during UV exposure and removed with the toluene rinse, which is where BTO growth takes 
place. The smallest opening on the shadow mask is 50 μm × 50 μm, while the line width 
is approximately 25 μm. AFM height profiles indicate the line width is approximately 25 
μm in Figure 7.7, while the holes are approximately 45 μm × 45 μm in Figure 7.5(a) within 
the red square region in Figure 7.5(b). The hole and line widths are in good agreement with 
nominal hole and line widths of the shadow mask, which are 50 μm × 50 μm, 25 μm, 
respectively. 200 ALD cycles is expected to deposit ~12 nm of BTO, consistent with the 
extracted height profiles in Figure 7.7(b). BTO typically has roughness of ~5-7 Å on bare 
STO(001) and toluene-rinsed blanket STO(001) surfaces, while STO(001) has a roughness 
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of ~2 Å, which is consistent with the visibly rougher BTO compared to STO in Figure 
7.7(a). Good agreement between the ALD-grown BTO and the shadow mask dimensions 
demonstrates reliable patterning from the crosslinked PS to the deposited BTO film. Large 
scale patterning can be seen in the scanning electron micrograph in Figure 7.5(b). 
 
Figure 6.6. Depth profiling in  TOF-SIMS of (a) Sr+, (b) Ba+, and (c) the overlay of  Sr+ 
and Ba+. The sample was sputtered using Cs+ ions at 500 eV on the same 
region that is presented in the red square in Figure 7.5(b). Higher ion signals 
of both Sr+ and Ba+ are indicated by brighter regions and dark regions 
indicate low ion signals. The height of the BTO film is 12 nm and the 




Figure 6.7. (a) Tapping mode AFM image of 200 BTO ALD cycles on STO(001) where 
crosslinked and uncrosslinked PS has been removed. The BTO film was 
annealed in an oxygen atmosphere to allow crystallization. Horizontal lines 
correspond to the height profile and color in the AFM image correspond to 
the same color in the extracted height profile in (b). (c) TOF-SIMS chemical 
surface map of a similar area, where the substrate STO is seen in the corners 
(purple), while the continuous region is ALD-grown BTO (red). The 
representative area is indicated by the red square in Figure 7.5(b). The 




Patterning is successful over the entire shadow mask indicating the process of 
depositing, crosslinking, and removing PS can be used to deposit BTO selectively. Large 
shadow mask features are not transferred with the same fidelity as the smaller features in 
the process herein due to poor contact between the shadow mask and the substrate. Feature 
fidelity is improved at the smaller holes in the shadow mask, which is likely due to a non-
optimized photo-transfer process in exposing the PS to UV light. Minimizing the gap 
between shadow mask and substrate or collimating the UV-light would likely improve 
feature fidelity. 
 To examine physical sputtering of BTO with oxygen ions during the crosslinked 
PS removal step, a PS patterned STO(001) substrate is subjected to 150 ALD cycles  (~9 
nm thick BTO). The patterned BTO with PS removed is then annealed in oxygen to allow 
the film to crystallize. The surface morphology of the BTO within the green square 
indicated in Figure 7.5(b) is investigated after O2 plasma etching. The roughness of the 
ALD-grown BTO film does not change, indicating that O2 plasma etching does not 
introduce morphological changes into the film, even though it is likely some particles were 
left over as seen in Figure 7.3(b). XRR before and after O2 plasma etching and before and 
after O2 annealing confirm this, as film thickness was ~9 nm in all measurements (not 
shown). TOF-SIMS is the only technique that detected a change with O2 etching, which 
shows a weak Ba+ signal. Thus, damage to BTO is not appreciable in any of the AS-process 
steps.  
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The patterned BTO films are then crystallized and probed for epitaxy. The onset of 
crystallization is observed at 790 °C, which is monitored in situ with RHEED. The Ba:Ti 
stoichiometry was 49.3:50.7. The streak-like diffraction pattern in the RHEED inset in 
Figure 7.8(a) is due to the registry between BTO and STO, indicating a smooth crystalline 
BTO surface. The representative BTO area investigated with XRD is shown in the green 
square in Figure 7.5(b). The shoulder at two-theta values 45.1° is BTO(002). A wide-angle 
XRD scan is shown in Figure 7.8(b), where three features, arising from the substrate 
STO/BTO(00l) peaks, can be observed. XRD for the patterned BTO film and the blanket 
BTO film deposited on PS treated STO(001) are identical (Figure 7.4). The sole presence 
of {00l} reflections indicates a preferred orientation to the crystalline films expected for 
surface phase epitxay.  The patterned BTO film (Figure 7.8) has an out-of-plane lattice 
constant of 4.02 Å ± 0.02 Å, which is the same as the out-of-plane lattice constant for the 
blanket BTO film exposed to PS (Figure 7.4).  Considering the uncertainty of this value, it 
is consistent with 4.036 Å expected for an out-of-plane c-axis oriented and relaxed BTO 
film.  STO is cubic with a = 3.905 Å46 and tetragonal BTO has a = 3.966 Å.47 If the 
BTO(001) films are strained to STO(001) the out-of-plane spacing would be greater than 
the bulk BTO c value of 4.036 Å.  Previous studies have examined the effect of annealing 
on crystallization, and have shown that low enough temperature ramp rates (5 °C/min) will 
retain a strained film throughout the annealing process.2  AFM indicates deposition 
thickness is approximately 9 nm, and the thickness after crystallization is also 
approximately 9 nm, which is close to the thickness calculated using XRR, 8.8 nm (not 
shown).  
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Thus in this proof of concept the AS-ALD process can be used to grow crystalline 
BTO films through solid phase epitaxy. In this work 45 μm patterns in PS are explored and 
smaller features are likely possible.  Five to six μm features have been demonstrated using 
UV-crosslinked PS,39,48 and 20-30 nm features have been demonstrated with a PS-based 
self-assembled diblock polymer film.39  We expect this technique can be implemented on 
other crystalline surfaces than the STO(001) substrates used herein that have a 2-3 nm-
thick STO template layer on them, such as STO on Si(001),2 or STO on Ge(001),1 which 
would enable monolithic integration of patterned BTO into semiconductor devices, such 
as negative capacitance FETs,17 ferroelectric FETs,13 or multiferroic FETs incorporating 
BTO.49 Such applications could include the Si ring resonator, which is nearing its 
theoretical smallest diameter of 3 μm,50 or ferroelectric BTO waveguides, which can have 
feature sizes up to 100 μm.19 
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Figure 6.8. (a) Two-theta omega XRD scan of 150 ALD cycles on PS-patterned 
STO(001) that was annealed at an oxygen partial pressure of 1×10-6 Torr by 
ramping to 600 °C at a rate of 20 °C/min, followed by a second ramp to 850 
°C at a rate of 10 °C/min and held at 850 °C for 10 min. The crystallization 
area is representative of the area shown in the green square in Figure 7.5(b). 
The narrow-angle two-theta omega XRD scan is focused on STO(002). Inset 
is the RHEED image showing the crystallization diffraction pattern of the 
film. (b) Wide-angle two-theta omega XRD scan showing the single-





6.4.CONCLUSIONS AND SUMMARY 
Area-selective ALD of BTO is demonstrated on a STO(001) surface. Area-
selective patterns are defined by crosslinking PS through exposure to UV light (λ < 254 
nm). Uncrosslinked PS is removed by rinsing the surface with toluene. BTO growth is 
blocked on uncrosslinked PS up to at least 200 cycles. Residual oxygen in the UV exposure 
enclosure likely introduces impurities into the PS film, which behave as nucleation sites 
during BTO ALD growth. Even though some Ba adsorbs on top of the crosslinked PS, 
uncrosslinked PS is expected to have high selectivity to BTO ALD. The PS deposition 
procedure does not inhibit BTO growth on STO(001), as the procedure for removing 
crosslinked and uncrosslinked PS restore the STO(001) surface to allow for epitaxial 
crystallization. BTO is single crystalline after annealing in O2, and it is suspected Ba:Ti 
stoichiometry is the main parameter to be controlled for crystallizing BTO. Future work is 
needed extending this technique to smaller features, and using AS-ALD to produce BTO 
films strained to the substrate. The effect of the BTO/STO interface on crystallization and 
examining electro-optic performance after AS-ALD also require further study. 
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Chapter 7: Conclusions and Recommendations for Future Work 
Methods in nanofabrication motivated by implementation of metal assisted 
chemical etching (MACE), electroless Cu deposition, and area-selective (AS) deposition 
are presented.  Specifically, the first demonstration of vacuum ultraviolet (VUV) enhanced 
atomic layer etching (ALE) is presented. VUV enhanced ALE is shown on the catalyst 
metals Pd, and Ru, used in both MACE and electroless Cu deposition. VUV enhanced ALE 
is used to remove catalyst from nanofeatures, and remove catalyst material area-selectively 
for electrode fabrication in flexible display applications. AS atomic layer deposition (ALD) 
of functional materials is also presented, as a method to circumvent post-deposition 
etching/patterning entirely.  
7.1.VACUUM ULTRAVIOLET ENHANCED ATOMIC LAYER ETCHING 
VUV enhanced ALE is presented, where ALE cycles are comprised of one 
oxidation half-cycle, an Ar purge, one etching half-cycle, followed by a second Ar purge. 
All films are monitored using in situ X-ray photoelectron spectroscopy (XPS). Oxidation 
half-cycles are performed by co-exposing Pd and Ru substrates to VUV and O2 at 1 torr 
O2, and temperatures 50 – 150 °C. Etching half-cycles are performed by exposing oxidized 
substrates to formic acid, HCOOH, at 0.50 Torr, for 30 sec, isothermally. ALE rates for Pd 
and Ru are found to be 2.8, and 1.2 Å/cycle, respectively, as characterized from ex situ X-
ray reflectivity (XRR) measurements. Atomic O is the main species responsible for 
oxidation from VUV/O2 co-exposure. This is demonstrated in experiments where 
substrates are illuminated and shadowed during VUV/O2 co-exposure, where illuminated 
substrates are oxidized, and shadowed substrates are not. This point suggests selectivity in 
oxidation, and thus etching, may be possible with VUV enhanced ALE. Oxidation of near 
surface layers is not self-limiting on Pd, despite the difficulty for O to diffuse through bulk 
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Pd layers, as determined from density functional theory (DFT), and nudged elastic band 
(NEB) calculations. The amount of PdOx formed in the near surface region can be 
controlled via time and temperature of co-exposure to VUV/O2. Non-self-limiting behavior 
of oxidation on Pd is contrasted against oxidation of Ru, which is self-limiting. It is shown 
that oxidation half-cycle exposure times greater than 5 min do not form more RuOx. The 
temperature of exposure has an effect on the amount of oxide formed, as O atoms can more 
easily overcome energetic barriers to diffusion. This is shown in more detail with DFT and 
NEB calculations, where a large energetic barrier to diffusion exists for O to move between 
subsurface atomic planes. This gives rise to self-limiting behavior, and also explains the 
increasing amount of oxide forming with increasing temperature, as characterized 
experimentally with in situ XPS, and ex situ XRR thickness measurements. 
Oxidation kinetics of the VUV/O2 co-exposure are found to be surface area 
dependent as well. 2 nm discontinuous Pd films (Ra = 2.3 Å) oxidize more rapidly than 20 
nm continuous Pd films (Ra = 11 Å). This is particularly important for the area-selectivity 
required for fabrication of electrodes using electroless Cu deposition, where it is required 
to remove undesired Pd deposition while leaving desired Pd deposition unchanged. More 
rapid oxidation of high surface area features is also verified on Ru, where the differential 
etch rate (i.e., amount of material removed between 0 to 5 cycles, 5 to 10 cycles, and 10 to 
15 cycles, etc.) decreases as ALE is performed when Ru is co-exposed to VUV/O2 for 2 
min. This is attributed to a decrease in surface roughness, as characterized using XRR, and 
AFM ex situ. Decreased surface roughness requires longer VUV/O2 co-exposure to oxidize 
the metal. This result is consistent with results on Pd as well. Ru that is not etched with 2 
min VUV/O2 co-exposure is shown to be etched with 5 min VUV/O2 co-exposure.  
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7.2.AREA-SELECTIVE ATOMIC LAYER DEPOSITION  
AS-ALD, is also presented for BaTiO3 (BTO), which is a functional oxide of 
importance to photonic devices. AS methods consist of spin-coating polystyrene (PS) onto 
STO(001), and defining a pattern by exposing PS to UV light through a shadowmask. PS 
is crosslinked in the UV illuminated regions, whereas PS is uncrosslinked in shadowed 
regions. Uncrosslinked PS is then rinsed away with toluene. PS patterns are hydrophobic, 
and thus resist BTO ALD up to 200 cycles (equivalent to 12 nm thick BTO), whereas ALD 
nucleates without any delay in exposed STO regions. In this way BTO patterns are defined 
with one lithographic step. BTO (12 and 9 nm) is deposited at 225 °C. BTO films grown 
on PS patterned substrates demonstrate pattern transfer, where dimensions are verified 
using atomic force microscopy (AFM), scanning electron microscopy (SEM), and time of 
flight secondary ion mass spectroscopy (TOF-SIMS). Chemical composition of films is 
verified using in situ XPS, and ex situ TOF-SIMS depth profiling. Crystallization of AS- 
patterned BTO is achieved with post-deposition annealing films in 1×10-6 Torr O2. 
Crystallization is monitored in situ with reflective high energy electron diffraction 
(RHEED), and verified ex situ with X-ray diffraction (XRD). Epitaxial crystallization of 
BTO is observed, where the temperature of the onset of crystallization is 775 °C. Thus 
patterns are transferred using AS patterning methods, which does not limit the epitaxial 
crystallization of the oxide that is deposited. 
7.3.FUTURE WORK AND RECOMMENDATIONS  
The first demonstration of VUV enhanced ALE is presented, as well as the first 
demonstration of AS-ALD to pattern functional oxides with Si photonic applications in 
mind. Thus, future work can be split into two categories – recommendations for VUV 
enhanced ALE and recommendations for AS – ALD.  
 175 
As VUV enhanced ALE is a nascent technique, there are several directions to 
investigate further. Oxidation of Pd, and Ru with co-exposure of VUV and O2 is 
demonstrated herein, however, it is expected these methods can be similarly applied to a 
variety of materials, and co-exposure of a variety of reactive gases. Of particular interest 
are materials, such as Co, Fe, Ni, Mg, Ti, W, Pt. Continuous co-exposure to O2 is used to 
oxidize materials, however, it is reasonable to suspect that an exposure to adsorb a 
monolayer of a reactive species may also be used. The VUV exposure step could cause 
decomposition/reaction on the surface, and thus offer truly self-limiting behavior. Some 
gases to consider are, NO2, H2O, H2O2. Use of these species, if conditions are tuned to 
allow a monolayer to adsorb, may be decomposed locally on the surface, thus creating 
reactive species locally. Additionally, many gas molecules have large adsorption 
coefficients in the VUV spectral range. This implies VUV enhancement does not 
necessarily have to proceed by O containing species. It is therefore reasonable to explore 
other gases, for example, fluorinating gases (SF6, CHF3, HF, NF3, CF4, etc.), nitriding gases 
(NH3, N2, etc.), chlorinating gases (Cl2, BCl3, etc.), phosphiding gases (PH3), or other gases 
typically used in semiconductor processing (e.g., H2). The production of fluorides, nitrides, 
phosphides, or chlorides could also extend methods of VUV enhanced ALE to etching of 
SiN, TiN, GaN, etc. if combined with, for instance, an etch step consisting of vapor 
exposure of Sn(acac)2.  
Additionally, as VUV/O2 is shown to produce atomic O, it is worthwhile to explore 
selectivity from VUV enhancement. Exposure of a substrate through a shadow/hard mask 
could offer selectivity in oxidation, and thus etching, for any combination of the 
aforementioned gas phase species. As atomic O is the main species responsible for 
oxidation, it is also worthwhile to explore VUV/O2 co-exposure for any applications that 
require an O2 plasma, such as defect, or oxygen vacancy repair.  
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The mechanism of etching of transition metals using HCOOH is yet to be 
elucidated. Future work should carry out more in depth theoretical studies to offer insight 
into the interaction of molecules on the surface of various transition metal oxides, PdOx, 
and RuOx, specifically. Careful DFT, ab initio molecular dynamics (AIMD), and molecular 
dynamics (MD) simulations can be used to offer insight into, for example, the structure of 
the etch product, geometries of adsorption or geoemtries in the gas phase, bonding 
character, oxidation state of the metal center, etc. While it was not completed in this body 
of work, some possible etch products from RuOx etching with HCOOH are indicated in 
Figure 8.1. Part of the difficulty in predicting the Rux+ etch product is the oxidation state 
of Ru is known to vary between x = -2 … +8. This suggests many geometries may arise 
from HCOOH etching of RuOx. Additional work is recommended to analyze etch products 
from the HCOOH etching reaction using either FTIR, or monitoring effluent gas streams 
with SIMS or quadrupole mass spectroscopy (QMS) with a large mass range (i.e., 300 
amu). One may be able to elucidate this information with carefully designed QCM studies, 
however, they will likely need to be complemented with FTIR, QMS, or SIMS. 
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Figure 7.1. Possible products of HCOOH etched RuOx. (a) shows Ru products where the 
metal center is Ru4+, where several conformations are shown, from a 
bidentate structure in the top half of the column, to a double-coordinated Ru 
center with two bidentate HCOO ligands, the last entry in the column shows 
a monodentate structure, where the conformation is tetrahedral. (b) shows a 
potential etch product where Ru is in a lower oxidation state. The atoms are 
indicated on the right of the figure, where green spheres are a generic “R” 
group, pale blue spheres are Ru, red spheres are O, dark gray spheres are C, 
and white spheres are H.  
Finally, as it is briefly demonstrated in this work, VUV enhanced ALE for 
fabrication of FinFETs or 3D NAND structures fabricated with MACE is worth exploring 
further. Effects on device performance manufactured using a standard O2 plasma, and VUV 
enhancement are worth investigating as well. The fabrication of the transparent conductive 
electrode is also worthwhile to explore further, as selective etching based on surface area 
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is demonstrated and suggested as a method to ameliorate any issues with undesired 
deposition for any nanofabrication process.  
AS-ALD is presented to pattern BTO, that is epitaxially registered to the substrate, 
STO(001). Future work will involve fabricating a Si waveguide from the AS-ALD process, 
and characterizing its function. It is also worthwhile to explore other perovskite materials, 
as BTO can be doped with other rare earth metals to enhance its conductivity, and thus 





Samples within the etching system has been engineered to optimize the number of 
samples that are allowed in the system at once. It is also designed to minimize the potential 
to drop samples either during transfer, or while transporting them down the length of the 
transfer line. This is accomplished through careful machining of the sample holders (called 
“pucks”), as well as the forks used to transfer samples. The puck and the locking plate are 
shown in Figure A.1(a). Samples are mounted on pucks, which are 1” diameter cylinders, 
with two grooves cut into the sides, where forks make contact with the sample during 
transfer. Samples are 10 × 10 mm2 for compatibility between the etching and deposition 
UHV systems. Samples are mounted by placing them in the square groove, which is 
recessed 1mm, and open beneath the sample so as to allow sample heating from radiation 
below the sample. Once placed in the groove, a plate is installed to compress the sample 
between the top plate and the puck. The plate is then rotated counter-clockwise, where 
grooves in the top plate catch four flat head 2-56 screws, and lock the top plate, and thus 
the sample, into place.  
Forks are designed to have the minimum diameter to accept a puck, and are 
mounted on magnetic linear motion devices in at all sample transfer points within the UHV 
system, where gimbals are installed on all linear motion transfer arms to facilitate ease of 
transfer. Forks also have a groove cut into one side, which captures the puck when it is 
held on a fork. This groove, and the tolerance that the puck grooves are machined to, 
minimize the chance for random motion and shaking to dislodge a puck from a fork.  
The transfer line cart is shown in Figure A.1. The transfer line cart is equipped with 
eight of the above designed forks, where they are mounted back to back to maximize the 
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density of samples, and minimize the overall length of the transfer line cart. The cart is 
moved through the transfer line on a platform with shallow rails that spans the entire length 
of the transfer line (20’). A drive chain is secured to both ends of the transfer line cart, 
where the chain traverses the length of the transfer line around two gears at both ends of 
the transfer line. There is an electric motor that controls motion (clock-wise and counter 
clock-wise rotation) mounted at the end of the transfer line nearest the ALE chamber. 
Samples are transferred using the bottom groove on the transfer line cart, and the top groove 
on all magnetic transfer arms. The transfer line cart is designed such that the bottom groove 








Figure A.1. The universal puck with the locking top plate is shown in (a), while the 
transfer line cart with several (old style) pucks is shown in (b). The transfer 
line cart is shown. There are eight forks total on the cart, where they are 
mounted back to back in groups of two. (old style) pucks are seen on four of 
the eight forks. The guide rail can also be seen beneath the transfer line cart, 
where the chain that controls the motion of the cart along the length of the 
reactor can be seen above the transfer line cart, and anchored to both sides 
of the cart.  Numbers are stamped on both sides of the cart to help with 





The valve control circuit has been redesigned to mitigate any risk associated with 
turning a channel on or off, and allowing too much current to pass through the National 
Instruments Data Acquisition Controller (NI-6525). The old circuit is shown in Figure 
B.1(a), while the new circuit is shown in Figure B.1(b), and the circuit housing with all 
internal ancillary equipment is shown in Figure B.1(c). 
The circuit shown in Figure B.1(a) is driving two solenoid valves (Parker 3-way, 
and ALD Valve), with +24 V. The maximum power that has been observed in firing these 
two solenoid valves is approximately 0.5 A. The risk with the circuit shown in Figure 
B.1(a) arises when shutting the solenoid valves off, as the induced current can be large 
enough to exceed the maximum rating on the NI 6525 DAQ, which is 500 mA, and cause 
the connected channel to over-current and be destroyed. The upgraded circuit mitigates this 
risk. The upgraded circuit, shown in Figure B.1.(b), has the same four components, an 
LED, snubbing diode, and two solenoid valves, however, the current from the component 
part of the circuit is no longer sunk to ground through the NI-6525. This is accomplished 
by placing the NI-6525 upstream of a BJT, which when turned on, allows the components 
to actuate. When removing power from the BJT, current is sunk to ground, avoiding the 
NI-6525. The valve control box is also upgraded as shown in Figure B.1(c), where a project 
box houses the circuit, NI-6525, and +24 V power supply. LEDs are mounted on the right 
wall for indication on which valve is opened at a given time. The current rating for the 
power supply is 5 A, so all solenoids may be actuated concurrently, if so desired. A further 
upgrade would include a third component slot, so that three solenoid valves may be fired 
 183 
on one channel. This may be useful if a shutter, or motion of something internal to the 
vacuum system is required during a half-cycle. 
 
 
Figure B.1. Circuit diagrams are shown for the valve control circuit in (a), and (b), 
respectively, where (a) is the second version of the valve circuit, and (b) is 
the third version of the circuit. The actual housing with all components is 
shown in (c), where the project box houses the DAQ, power supply, and 
circuit. Front panel display from the LEDs indicates which valve is actuated 




The ALE chamber used in this dissertation has allowed the study of VUV-enhanced 
ALE of Pd and Ru, however, some upgrades are recommended. Upgrades fall into two 
categories, the ALE reactor, and the precursor manifold. The current design of the ALE 
reactor (version 2) is shown in Figure C.1(a). The current design utilizes a main chamber 
that is a custom six-way stainless steel cross, that has one 8”, one 4.5”, one 6”, and one 
2.75” CF flange centered at the middle plane of the system. It also has four oblique 2.75” 
CF ports around the middle-plane 6” CF flange, as shown in Figure C.1(a). However, many 
of these flanges are unused in VUV/O2 and remote plasma experiments. It is also beneficial 
to modify the reactor so that VUV-enhanced ALD may be an option for further research 
projects, which requires more careful design of the internal geometry to minimize dead 
volume, and gas mixing for nominal ALD behavior.   
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Figure C.1. CAD drawings of (a) version 2 of the ALE reactor, and (b), the suggested 
configuration and changes for version 3 of the ALE reactor. 
 186 
The ALE reactor version 3 is modified in several ways to minimize the volume in 
the chamber, make it such that a shutter can be used to control dosing of the VUV lamp, 
and eventual exploration of VUV enhanced ALD is feasible. Version 3 of the ALE reactor 
is a redesign along the lines of the high vacuum (i.e., non-UHV) standalone ALD reactor, 
where a “shotgun” pulse of precursors enters the reactor, and it is designed such that it is a 
straight flow path to the exhaust with as few obstructions and additions along the way as 
possible. Version 3 of the ALE reactor is essentially another “shotgun” allowing precursor 
molecules to immediately enter the system in the vicinity of the substrate. The custom six-
way cross is recommended to be replaced with a 4.5” CF tee or nipple, where the Langmuir 
probe with no modifications, is mounted on the bottom of a second 4.5” CF tee, the same 
way it currently is. The exhaust is down the axial length of the Langmuir probe, and exits 
on the third half nipple that is unused on the 4.5” CF tee. On the exhaust line, two valves 
are present where one isolates a turbomolecular pump for UHV (with a UHV pressure 
gauge behind the valve), and a second roughing line that is used during ALD/ALE. A 
further modification would be to add another valve to isolate exhaust to the commercial 
gas scrubber, which can be used for reactive fluorinated gases (NF3, SF6, etc.).  
The D2 lamp is still recommended to be mounted on the top of the reactor, where a 
4.5” CF nipple is used for the gas feedthroughs in the vicinity of the VUV lamp. This is 
chosen to minimize volume of the ALE reactor, and simplify the gas path to the substrate, 
and the exhaust. The 4.5” CF nipple must be thick enough to accommodate a 1.33” CF 
flange, that is directly opposite a 0.25” VCR connection as an additional gas feedthrough 
(O2, other). Separating the gas inlets is to maintain the ability to avoid mixing certain gases 
in the manifold, otherwise it may be used as an Ar purge line to sweep the ALE reactor 
section more efficiently. The 1.33” CF flange is the manifold connection, where the 
manifold is discussed later on. The D2 lamp is behind a MgF2 window to allow 
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transparency of VUV photons into the ALE chamber. The D2 lamp is in its own 
differentially pumped section, where a turbomolecular pump (or 15 L/s ion pump) 
evacuates the photon column. A pneumatic shutter is placed in the photon column, so that 
dosing of the VUV photons can be accomplished using the shutter as opposed to the 
attenuation length of photons in a Ar gas environment, as the way it is in version 1 of the 
ALE reactor. This has an added benefit of adding distance between the D2 lamp connection 
flange (which is a compression connection), and cannot be exposed to temperatures above 
100 °C, safely. Due to this benefit, the ALE reactor can be held at an elevated temperature 
in a hot-wall scenario, which may be important to performing ALD in the reactor.  
The manifold is shown in Figure C.2. The manifold is carefully designed to 
maximize the number of precursors that occupy a given area, so that in a smaller distance, 
eight precursors can be used, while only six could be used before. This also is accompanied 
by a slight redesign of the saturator, where two-way ALD valves are used instead of three-
way valves, which allows each precursor assembly to be planar. The only modification that 
must be made are new weldments to make the elbow connection leaving the saturator going 
to the ALD valve, and shorter male-to-male VCR fittings for the straight connection from 
the parker 3-way valve to the ALD valve tee. The center of the manifold is a custom 1.33” 
CF nipple, that has eight 0.25” VCR glands welded at an even spacing on one side, where 
that same pattern is repeated on the opposite side, and shifted by half the pitch. Split nuts 
are added onto the glands based on whichever connection should be made, typically female 
connections. The large diameter of the manifold allows for a relatively low surface area to 
volume ratio, and the short length is amenable to fast purge times. This manifold design 
has been verified on the low-vacuum Standalone ALD reactor, known as Stan. Another 
benefit of the 1.33” CF nipple base for the manifold is the use of a main channel flow mass 
flow controller. A mass flow controller can be used to drive the flow rate down the main 
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channel so that sweep rates for each precursor can be tuned independently, and give rise to 
more accessible reaction parameters (i.e., flow, pressure, residence time, etc.). 
 
Figure C.2. (a) Top down view of the upgraded manifold, as installed on the low-
vacuum standalone ALD reactor (Stan). (b) CAD drawing of the manifold 
version 2, with eight precursors installed, four of the saturators are of the 
old-style, to maxize the use of the non-planar ALD valves. 
APPENDIX D 
The DFT description of Pd and Ru is chosen by evaluating several exchange 
correlations, functionals, dispersion effects, and pseudopotentials. Quantum Espresso 
allows for combining different functionals, exchange correlations, and dispersion 
corrections, in addition to the choice of pseudopotential, all within the generalized gradient 
approximation (GGA). As van der Waals forces are non-negligible in this investigation, 
the functional, choice of dispersion, exchange correlation, and pseudopotential are all 
evaluated. The functionals and exchange correlations considered are: Perdew-Berke-
Ernzerhof (PBE) both the functional and exchange correlation; the Perdew-Wang 91 
(PW91) functional and PBE exchange correlation, slater determinant and vdW1 
(sla+pw+pbe+vdw1); PBE for solids (PBEsol) functional and exchange correlation, which 
is corrected to yield better equilibrium values for solids when compared to PBE; the 
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Perdew-Wang 91 (PW91) functional and PBE exchange correlation slater determinant and 
vdW2 (sla+pw+pbe+vdw2); and the Cooper09 (c09x) functional and exchange correlation, 
slater determinant and vdW1 (sla+pw+c09x+vdw1). The choice of vdw1 or vdw2, as well 
as c09x, or PBEsol, is to use a functional with dispersion forces built-in. This is distinctly 
different than the corrections to the atomic orbitals that are employed in other dispersion 
treatments, such as with the Grimme-D1, D2, and D3, corrections. The dispersion 
corrections investigated that are not built into the functional are chosen between the 
Grimme-D3 correction with second order damping, or Becke-Johnson (BJ) damping. 
These are chosen as they have a strong record of offering good treatment of dispersion 
forces for systems in non van der Waals-functionals. In addition to the treatment of 
dispersion forces and exchange functional and correlation terms, the choice of 
pseudopotential is also investigated. The pseudopotentials investigated are: projector 
augmented wave (PAW) pseudopotentials; ultrasoft pseudopotentials (USPP); optimized 
norm conserving (ONCV) pseudopotentials; and standard solid state pseudopotentials 
(SSSP). Relativistic effects are not considered, as they are negligible for Pd and Ru, which 
have mass 106.42, and 101.07 amu, respectively. 
The choice of functional, exchange correlation, treatment of dispersion effects, and 
pseudopotential is made by comparing geometric and energetic results with accepted 
literature values. As energetic calculations are usually only correct within the context of 
the simulations, the weight given to the energetic values is lower than those for which 
experimental measurements exist. Each model is scored on how close the calculated values 
are to the reference values, and then normalized to the number of parameters that are 





















where f is the quality parameter, fi is the i-th quality parameter, N is the number of 
parameters for a given set of simulation conditions, xi is the calculated value of parameter 
i from simulations, xi0 is the reference value for parameter i, and wi is the weight associated 
with the given parameter. The weights are selected to weight the simulation towards values 
that are known in the literature, or equivalently, to put less emphasis on values that are not 
known precisely. The parameters used to qualify the models are shown in Table D1. 
 
Table D.1.  A list of the parameters used to validate the choice of DFT model. 
wi Parameter xi0  Unit  Reference 
0.1 Pd(111) O2 Eads 2.12 eV 1 
0.1 Pd(100) O2 Eads 2.38 eV 2 
0.1 Pd(111) O Eads 3.90 eV 3 
0.1 Pd(100) O Eads 3.90 eV 3 
1 ΔUr (2O  → O2) 5.16 eV/molecule  
1 ΔUr (3O → O3) 4.61 eV/molecule  
1 O2 dO-O 1.208 Å  
1 O3 dO-O 1.277 Å  
1 O3 d∠ 116.8 deg  
1 Pd(111) dPd-Pd  2.75 Å  
1 Pd(100) dPd-Pd 2.75 Å  
 
 
 The value of each fi is shown in Figure D1 for combinations as discussed above. 
Overall, all of the functions are close to the reference values for geometric calculations, 
with the majority of the variation coming from energetic calculations (i.e., bond energy, 
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adsorption energy). Therefore, the quality parameter is biased towards functions that 
exhibit adsorption or bond energies that are in good agreement with the reference and do 
not over-predict adsorption energetics. This essentially reflects how well each functional 
can predict the bond energy of O2, and O3, as well as the adsorption energy of O2, and 
atomic O on various surfaces. The functional that has the lowest f is the PBE exchange 
functional and correlation, using ultrasoft pseudopotentials with dispersion accounted for 
using the Grimme-D3 correction with Becke-Johnson damping. Choice of pseudopotential 
does not appear to have a strong effect on the result for the system investigated, so USPP 
is chosen for comparison with other DFT reports. 
 
 
Figure D.1. Calculations for the quality metric, fi, where each functional is shown on the 



































































A sample input file for quantum espresso to run a Ru simulation (DFT) is found 
below. Note that comments are followed by the “!” character, as the code is compiled in 
Fortran. 
&CONTROL 
    calculation   = "relax" 
    max_seconds   =  1.72800e+05 
    nstep         = 1001 
    pseudo_dir    = "/work/07346/bmctacc/lonestar/projects/pseudopotentials" 
    outdir        = "./outdir" 
    prefix        = "pwscf" 
 etot_conv_thr = 1e-6 
 forc_conv_thr = 1e-5 




    a     =  5.41310e+00 
    c     =  4.63685e+01 
    degauss                   =  0.002 
    ecutrho                   =  600 
    ecutwfc                   =  60 
    ibrav                     = 4 
    nat                       = 31 
    nspin                     = 1 
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   ! tot_magnetization         = 2 ! Double check for Ru calculations, none that I have 
seen use 
    ntyp                      = 2 
    occupations               = "smearing" 
    smearing                  = "marzari-vanderbilt" ! methfessel-paxton is other option 
but gives (possibly) bad Ef values 
    nosym                     = .TRUE. ! Not using this for vc-relax calcs 
    vdw_corr                  = "dft-d3" ! Grimme d3 correction keep for o3 adsorption 
studies later 
    dftd3_version             = 4 ! BJ-damping 





    conv_thr         =  1.00000e-08 
    electron_maxstep = 1000 
    mixing_beta      =  4.00000e-01 
    startingpot      = "atomic+random" 
    startingwfc      = "atomic+random" 









 5  5  1  0 0 0 
 
ATOMIC_SPECIES 
Ru    101.07000  Ru.pbe-spn-rrkjus_psl.1.0.0.UPF 
O      15.99940  O.pbe-n-rrkjus_psl.1.0.0.UPF 
 
ATOMIC_POSITIONS {angstrom} 
Ru       0.199360952   1.673714482  30.902936835 
Ru      -1.416916484   3.665774079  30.557647217 
Ru       3.244514790   1.635271968  31.813196205 
Ru       1.365328201   4.126466863  30.806746282 
Ru       1.201472270   0.820853826  28.342351915 
Ru      -0.061572057   2.922450800  28.219713696 
Ru       4.107550836   0.844348765  28.342270373 
Ru       2.610502665   3.189822903  28.366139606 
Ru      -0.038963509   1.486506796  26.195157471 
Ru      -1.396117140   3.915832656  26.232935017 
Ru       2.660428390   1.601139196  26.221738977 
Ru       1.313264305   3.936829281  26.222097627 
Ru       1.355111257   0.788978559  24.149643930 
Ru      -0.009823577   3.115175938  24.174968723 
Ru       4.033126243   0.792540268  24.150191325 
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Ru       2.697255770   3.146473141  24.161572937 
Ru      -0.000000000   1.577858000  22.156961000    0   0   0 
Ru      -1.353275000   3.921799000  22.156961000    0   0   0 
Ru       2.706550000   1.577858000  22.156961000    0   0   0 
Ru       1.353275000   3.921799000  22.156961000    0   0   0 
Ru       1.366465000   0.788929000  20.000000000    0   0   0 
Ru       0.013190000   3.132870000  20.000000000    0   0   0 
Ru       4.073015000   0.788929000  20.000000000    0   0   0 
Ru       2.719740000   3.132870000  20.000000000    0   0   0 
O        1.587281568   2.816776342  32.183639888 
O        1.538401640   0.344391428  31.866668824 
O        2.392377137   1.886093945  29.820871398 
O        2.754134737  -0.224843018  29.352044848 
O       -0.661808264   0.238649342  33.654140868    0   0   0 
O       -0.870088209   1.739792453  33.201650414    0   0   0 



























    restart_mode      = "from_scratch" 
    string_method     = "neb" 
    nstep_path        = 150  
    ds                = 1 
    opt_scheme        = "broyden" 
    num_of_images     = 14 
    path_thr          = 0.01 ! The norm of the force orthogonal to the path in eV/A 
    CI_scheme         = "no-CI" ! Other option is "auto" to auto generate CI points 







    calculation   = "relax" 
    max_seconds   =  1.72800e+05 
    nstep         = 1001 
    pseudo_dir    = "/work/07346/bmctacc/lonestar/projects/pseudopotentials" 
    outdir        = "./outdir" 
    prefix        = "pwscf" 
 etot_conv_thr = 1e-6 




    a     =  5.41310e+00 
    c     =  4.63685e+01 
    degauss                   =  0.002 
    ecutrho                   =  600 
    ecutwfc                   =  60 
    ibrav                     = 4 
    nat                       = 29 
    nspin                     = 1 
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   ! tot_magnetization         = 2 ! Double check for Ru calculations, none that I have 
seen use 
    ntyp                      = 2 
    occupations               = "smearing" 
    smearing                  = "marzari-vanderbilt" ! methfessel-paxton is other option 
but gives (possibly) bad Ef values 
    nosym                     = .TRUE. ! Not using this for vc-relax calcs 
    vdw_corr                  = "dft-d3" ! Grimme d3 correction keep for o3 adsorption 
studies later 
    dftd3_version             = 4 ! BJ-damping 





    conv_thr         =  1.00000e-08 
    electron_maxstep = 1000 
    mixing_beta      =  4.00000e-01 
    startingpot      = "atomic+random" 
    startingwfc      = "atomic+random" 









 5  5  1  0 0 0 
 
ATOMIC_SPECIES 
Ru    101.07000  Ru.pbe-spn-rrkjus_psl.1.0.0.UPF 






Ru       0.071683674   1.445535095  31.500836089 
Ru      -1.403388163   3.434700953  30.898571475 
Ru       3.069480893   1.522094365  32.230453929 
Ru       1.389457359   3.970336187  31.327126396 
Ru       1.323839501   0.800831721  28.450779531 
Ru      -0.081438483   3.060538243  28.527594710 
Ru       4.158559780   0.820130832  28.622182520 
Ru       2.733900979   3.126958736  28.582704286 
Ru      -0.011210252   1.571659484  26.395841210 
Ru      -1.375718277   3.910594499  26.424715847 
Ru       2.729316597   1.578324579  26.427056464 
Ru       1.351746294   3.925183113  26.413682592 
 200 
Ru       1.354214964   0.800480309  24.269208884 
Ru      -0.004079581   3.141562559  24.278360545 
Ru       4.061605833   0.802529840  24.276046380 
Ru       2.712482006   3.140712392  24.278877481 
Ru       0.000000000   1.577858000  22.156961000 
Ru      -1.353275000   3.921799000  22.156961000 
Ru       2.706550000   1.577858000  22.156961000 
Ru       1.353275000   3.921799000  22.156961000 
Ru       1.366465000   0.788929000  20.000000000 
Ru       0.013190000   3.132870000  20.000000000 
Ru       4.073015000   0.788929000  20.000000000 
Ru       2.719740000   3.132870000  20.000000000 
O        1.489647715   2.557814599  32.671953379 
O        1.541729830   0.173762191  32.154216024 
O        1.273364979   2.368381982  30.009605298 
O        2.812140182   0.015737250  29.870073861 




Ru      -0.097630995   1.185253902  32.310969132 
Ru      -1.354017322   3.358693016  31.752263206 
Ru       2.803151821   1.185393851  32.311143715 
Ru       1.352532356   3.574447937  31.746295040 
Ru       1.352976761   0.803828747  28.498942812 
 201 
Ru       0.053796639   3.092140565  28.509594448 
Ru       4.059485135   0.781421260  28.560624090 
Ru       2.651615958   3.092054374  28.509398385 
Ru      -0.002955198   1.570768035  26.434633296 
Ru      -1.353881028   3.938210444  26.397897672 
Ru       2.708771012   1.570612558  26.434572011 
Ru       1.352707944   3.922770030  26.423877260 
Ru       1.352683981   0.805577065  24.273053116 
Ru       0.000929570   3.135369122  24.288796285 
Ru       4.059215988   0.806472824  24.258173671 
Ru       2.704033215   3.135445308  24.288688866 
Ru       0.000000000   1.577858000  22.156961000 
Ru      -1.353275000   3.921799000  22.156961000 
Ru       2.706550000   1.577858000  22.156961000 
Ru       1.353275000   3.921799000  22.156961000 
Ru       1.366465000   0.788929000  20.000000000 
Ru       0.013190000   3.132870000  20.000000000 
Ru       4.073015000   0.788929000  20.000000000 
Ru       2.719740000   3.132870000  20.000000000 
O        1.352535264   2.260738130  33.200323989 
O        1.352809669  -0.097246641  33.133294135 
O        1.352606024   2.591894479  30.002823318 
O        1.352786402  -0.830939699  29.829715161 










Supplementary information for the DFT and experimental investigation of 
oxidation of Pd using VUV/O2 
Energy of Oxidants 
The energy per O atom is shown in Figure E.1. The energy of O is calculated from 
EO2 by subtracting the O-O bond energy (5.16 eV, or 498 kJ/mol) and dividing by the 
number of oxygen atoms, 2. The energy of O3 is calculated from EO2 by adding the energy 
of an O atom, EO, calculated previously, and accounting for the energy change of the 
reaction according to O3 → O2 + O, which has a ΔHr of 1.06 eV (102.4 kJ/mol). We define 
these oxidant energies to standardize all calculations herein, and to allow comparison 
between other DFT reports. All energies are referenced to the energy of a free O2 molecule, 
which is 0. 
The initial state of O, O2, and O3 is in the gas phase, indicated by the “free” column 
in Figure E.1, while the intermediate state, “adsorbed”, is shown in the middle column, and 
the “final” energy of a given configuration is shown in the last column. The adsorbed 
column is only relevant for systems where an adsorption event takes place, as O adsorption 
onto Pd(111) or Pd(100) cannot be identified in the electronic energy optimization. 
Molecular O2 and O3 adsorb, and thus indicate an energy of adsorption in an intermediate 
state. However, further decomposition may or may not occur, which is observed in the 
decomposition products, O2* + O and O + O, resulting from O3 and O2 decomposition, 
respectively. Repulsive effects on the surface clearly influence decomposition behavior, as 
the energetic minimum of O2 on Pd(100) is observed for O2*, and dissociation to two 
surface O species results in a net increase in energy. No dissociation for O3 on Pd(100) is 
observed due to repulsive effects on the surface. Thus O3* on Pd(100) is the final state for 
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that system. To compare this diagram to the main text, the energy difference indicated in 
Figure E.1 is equal to n×ΔE, where n is the number of O atoms on the surface. 
 
 
Figure E.1. Energetics per O atom of O, O2 and O3 are shown adsorbed onto clean 
Pd(111) and Pd(100) in three different states: the “free” molecule state, the 
“adsorbed” state, if it exists, and the “final” state, which represents the final 
step in the decomposition and adsorption reaction pathway. Geometric 
configurations are shown to the left of the “adsorbed” and “final” states, 




Structural Results from DFT 
Results of DFT calculations (interplanar Pd distances between the nth and (n + 1)th 
layer, dn(n+1), Pd-O distances, dPd-O, O-O distances, dO-O, and adsorbed O height, z)  of clean 
Pd(111) and Pd(100) slabs are listed in Table S1. The interplanar Pd spacing, d111 and d100, 
are calculated to be 2.247 Å and 1.946 Å, compared to measured values of d111 = 2.248 ± 
0.001 Å and d100 = 1.955 ± 0.003 Å, respectively. For Pd(111), the interplanar distance 
between the first (n = 1) and second (n = 2) Pd atom layers, d12, expands by +0.2%, and 
relaxes back to the bulk interplanar distance gradually as d23 is +0.15%. A similar result is 
observed for Pd(100). This is consistent with other reports showing gradual expansion of 
interplanar distances as the surface-vacuum interface is approached.1 Simulations of free 
molecular oxidants result in a bond distance, dO-O = 1.22 Å for O2, and  dO-O, of 1.27 Å and 
bond angle, d∠, of  117.6°, for O3, as shown in Table E.1.  The experimental bond distances 
(and angle for O3) are dO-O  = 1.24 Å and dO-O  = 1.27 Å (angle d∠	of  116.8°), for O2 and 
O3, respectively.2 
Structural parameters after adsorption of Ox onto Pd(111) and Pd(100) slabs are 
also presented in Table S1. It is important to note that while O2 will dissociate on clean 
Pd(111) at temperatures, T > 160 K, O3 dissociatively adsorbs for all T based on the 
simulations herein. Because of this, values reported for O3 are for the intermediate state 
unless stated otherwise. Further optimization of the intermediate state results in O3 
decomposition to O and O2.  
Table E.1. DFT structural results for (2×2) unit cells of Pd(100), and Pd(111), with O, 
O2, and O3 adsorbed onto the surfaces. Letter subscripts indicate the distance 
between the two species indicated. Number subscripts indicate distance 
associated with the nth atomic layer (i.e., d12 indicates the distance between 
the n = 1, and n = 2 atomic Pd layers). 
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Species Surface dO-O (Å) dPd-O (Å) 1z (Å) d12 (Å) d23 (Å) d34 (Å) 
O2  1.22      
O3  1.27 (d∠	=	117.6°)      
Pd 100    1.951 1.950 1.947 
Pd/O 100  2.071 0.707 2.097 1.957 1.947 
Pd/O2 100 1.387 2.130 1.476 1.961 1.992 1.947 
Pd/O3 100 1.398 2.123 1.602 1.938 2.002 1.947 
Pd 111    2.284 2.256 2.248 
Pd/O 111  1.986 1.134 2.245 2.241 2.248 
Pd/O2 111 1.370 2.001 1.843 2.209 2.237 2.248 
Pd/O3 111 1.357 2.132 2.127 2.265 2.321 2.248 
1z refers to the equilibrium height of the adsorbed species relative to the surface plane of Pd 
atoms; for O2 and O3, this is the height of the O closest to the surface 
 
O3 adsorbed onto Pd(111) and Pd(100) is shown in Figure 4 in the main text, while 
structures of adsorbed O and O2 onto Pd(111) and Pd(100) are shown in below. Atomic O, 
O2 and O3 adsorb to the hcp site at a height of 1.134 Å, 1.84 Å and 2.12 Å, respectively, 
on Pd(111), and 0.70 Å, 1.47 Å, and 1.60 Å, respectively, on Pd(100). When O2 and O3 
adsorb to Pd(100), the interplanar distances d12 and d23 are +0.72%, and +2.31%, 
respectively, for O2, and -0.46%, and +2.82%, respectively, for O3. Similarly, for Pd(111),  
d12 and d23  for O2 and  O3  adsorption  are  -1.73%, and -0.49%, respectively, for O2, and 
-0.75%, and +3.24%, respectively, for O3, indicating subsurface Pd atoms and electrons 
have a role in adsorption. Molecular O2 and O3 introduce additional repulsive steric effects 
on the surface, which causes the adsorbed height to increase by 108.5%, and 126.5%, 
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respectively, on Pd(100), and  62.5%, and 87.5%, respectively, on Pd(111), relative to O. 
Estimates for adsorption equilibrium heights, z, for O and O2 are consistent with previous 
reports on Pd(100) as well as Pd(111).3,4 
The adsorption height for O is lower than O2 and O3 due to the formation of Pd-O 
bonds associated with a 2D surface oxide. This surface oxide (O on Pd surfaces in Table 
E.1) has nominal bond distances of 1.96 < dPd-O < 1.98 Å.  A surface 2D oxide, Pd5O4, has 
been reported on Pd(111),5  and a Pd-O bond distance of dPd-O = 1.98 Å has been reported 
for O adsorbed onto Pd(111) in a separate study.6 The 2D oxide Pd5O4 is reported on 
Pd(111) at temperatures as low at 158 °C and does not have the spectral 3d5/2 feature at 
336.7 eV that we observe is needed for ALE of Pd,7 rather Pd5O4 has a 3d5/2 feature at 335.5 
eV.5 
Adsorbed structures of O and O2 are shown in Figure E.2, where each image shows 
two unit cells in the x and y dimensions. Pd(111) structures are shown in the left column, 
while Pd(100) structures are shown in the right column. Atomic O, O2, and O3 are shown 
adsorbed onto each surface in the first, second, and third rows, respectively. Atomic O 
adsorbed onto Pd(111) and Pd(100) are similar, however, the adsorbed height of O is lower 
on the (100) surface compared to the (111) surface. This is due to the size of the hollow 
site available for adsorption. Molecular O2 adsorbs to the same site that O does on both 
surfaces, however, the surface O2 species is twisted, as indicated in Figure E.2(c), and 
S2(d). Minimal subsurface restructuring also occurs, where subsurface Pd atoms are 
slightly perturbed. Molecular O3 adsorption structures are shown in Figure E.2(e), and (f). 
Again, O3 adsorbs to the same hollow site, and O3 is twisted on the surface, elongating 
compared to the free O3 species. It is important to note that the structure shown for O3 
adsorbing onto Pd(111) is for an intermediate adsorption step. Continued optimization of 
the energy of the O3/Pd(111) slab results in dissociation of O3 to O and O2. Dissociative 
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adsorption of O3 is not observed on Pd(100), likely due to the smaller unit cell, when 
compared to Pd(111). However, it is likely to suspect that O3 would dissociatively adsorb 
on a larger, 3×3, or 4×4, (100) unit cell. 
 Interestingly, larger oxidants (O2 and O3), which do not directly incorporate 
themselves into the Pd lattice, do not cause all interplanar distances to monotonically 
decrease into the bulk film (i.e. d12 > d23 > d34). When O2 and O3 adsorb to Pd(100), the 
interplanar distances d12 and d23 are +0.72%, and +2.31% for O2 and -0.46%, and +2.82% 
for O3. Similarly, for Pd(111), d12 and d23 for O2 and O3 adsorption are -1.73%, and -0.49% 
for O2, and -0.75%, and +3.24% for O3. This is likely due to the contribution of subsurface 




Figure E.2. O, O2 and O3 is shown adsorbed onto clean Pd(111) and Pd(100) in the 
left(a, c, and e), and right columns (b, d, f), respectively. The oxidants O, O2 
and O3, are shown in the first (a, and b), second (c, and d), and third (e, and 
f) rows as well. The structure for O3 adsorbed onto Pd(111) is an 
intermediate step, as continued optimization of the energy of the system 
results is dissociative adsorption. All structures shown are two unit cells in 




Optimized Pd structures with O placed in between Pd atomic planes are shown in 
Figure E.3. Structures are indicated by listing the number of O layers contained within Pd 
atomic planes. A single O layer is equivalent to a surface oxide (the same structure shown 
in Figure E.2(a) and (b)), while 2 O layers indicates O is on the surface as well as in between 
the n = 1 and n = 2 atomic Pd planes. Similarly, 3 O layers indicates O is on the surface, in 
between the n = 1, and n = 2 atomic planes, as well as between the n = 2, and n = 3 atomic 
planes. Structures with more O incorporated approximate a PdO(101) surface, which is 
observed to grow in oxidation experiments of Pd(111) and Pd(100).8 This is most easily 
observed in the Pd(111) structure.  There is significant perturbation by incorporating O into 




Figure E.3. Pd structures with optimized placement of O throughout the layers. 
Structures with 1 O layer have four Pd atomic planes, where the bottom two 
are fixed at the bulk position. Structures with 2 and 3 O layers have six Pd 
atomic layers, where the bottom two are again fixed at the bulk position. 
Pd(111) structures are shown on the left (a, c, and e), while Pd(100) is 
shown on the right (b, d, and f). 1, 2, and 3 O layers are shown in the first (a, 
and b), second (c, and d), and third (e, and f) rows, respectively. All 





ALE cycles with O2 only and VUV/O2 
 ALE employs VUV/O2 co-exposure to cause PdOx to form, which is etched 
by HCOOH exposure.7 Figure E.4 shows XRR before and after exposure to 5 ALE cycles 
where the oxidation half-cycle is accomplished with co-exposure of VUV/O2 for 3 min at 
1 Torr and 100 °C in the blue curve, and exposure of O2 for 3 min at 1 Torr and 100 °C in 
the red curve. Etching half-cycles are 30 s exposures to HCOOH at 0.5 Torr in both 
samples. A figure depicting the stack of the substrate is shown inset in Figure E.4. The 
thickness before and after 5 VUV/O2 ALE cycles is 234, and 218 Å, respectively. The 
thickness before and after etching with 5 thermal O2 ALE cycles is the same (224 Å). There 
is a clear shift in reflections for the VUV/O2 oxidized sample, where there is no discernable 
difference between the sample before and after etching for thermal O2 exposure. Clearly 
the 2D oxide that forms on the surface of Pd from O2 alone is unable to be removed by 
HCOOH exposure, indicating that Pd2+ must be formed for etching to take place.  
 
Figure E.4. XRR before and after 5 ALE cycles where 20 nm Pd is exposed to O2 at 1 
Torr and 100 °C for 3 min either with VUV light (top, blue curve), or no 
VUV light (bottom, red curve). Etching half cycles are 30 s exposures to 0.5 
Torr of HCOOH at 100 °C as well. The XRR corresponding to the sample 
before any treatment is shown as well as the thickness, obtained from fitting 
the XRR curve. The Pd/Ti/Si heterostructure is shown inset for context.   
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Projected Density of State Analysis 
Bonding of O3 onto the resulting surface for incorporating O into Pd(111) can be 
seen in Figure E.5. PDOS and Δρ are seen in the left and right columns, respectively, where 
the rows show 1, 2, and 3 O layers, respectively, as well. Recruitment of deep electrons are 
observed in all three cases of O layer incorporation. These are seen in the O p states 
between 6-8 eV below Ef. These electrons likely do not participate in adsorption (as they 
are evident in Figure E.5(a)), however, they likely contribute to better charge transfer from 
subsurface atoms. This is evidenced in the differential charge density accompanying each 
adsorption scenario, where electrons are easily seen to be perturbed from deep Pd atomic 
layers.  
The Pd surface that is most active towards O3 bonding (i.e., the strongest covalent 
bond) is shown in the Fermi energy plot, in Figure E.5(g). 3 O layers allow the most 
covalent character to be seen in adsorbed O3, which is clear from the greater charge transfer 
in Figure E.5(f), complemented by larger number of O p states 6 eV below Ef. This is 
consistent with the observation that O3 is predicted to dissociatively adsorb onto the 3 O 
layer structure, due to the ease with which O can be incorporated into the surface. The same 
behavior is not observed on Pd(100). The structure with the most available states is clear 
Pd with 3 O layers, however, the difference in DOS between 1, 2, and 3 O layers is minimal, 
when compared against a bare Pd(111) or Pd(100) surface.  
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Figure E.5. Varying levels of O incorporation into the Pd(111) surface and the effect on 
the DOS, PDOS and Δρ for O3/Pd(111). (a), (c), and (e), show the PDOS for 
O3 adsorbing onto Pd(111) with 1, 2, and 3 O layers incorporated, where (b), 
(d), and (f), are the corresponding differential charge density diagrams (Δρ = 
0.031e/bohr3). Panel (g) shows the total DOS for the 1, 2, and 3 O layered 
systems.  
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O3 adsorbing onto Pd(100) with varying levels of O incorporation is shown in 
Figure E.6, where 1, 2, and 3 O layers are seen in (a), (c), and (d), respectively, with 
accompanying differential charge density plots shown in (b), (d), and (f). The total DOS in 
the vicinity of Ef is shown in (g). A similar case as that observed on the Pd(111) surface is 
seen for Pd(100), where the most covalent bonds are formed with adsorption of O3 onto 
the highest O content surfaces (3 O layers). Increasing the number of O layers also has a 
large effect on Δρ, where charge transfer is propagated from deep substrate layers to the 
surface. This indicates an effective potential is induced with the more PdOx character in 
the substrate. The effective potential appears to facilitate charge transfer, and aid in 
adsorption. 
 Comparing to the total DOS for Pd(111), there is also a large disparity 
between the total DOS for 3 O layers and 2 O layers, where 3 O layers exhibits a greater 
enhancement in the total number of states of Pd(100) compared to Pd(111). Overall, 
decomposition of O3 on Pd surfaces is inhibited for 1 and 2 O layers of incorporation, and 
enhanced for 3 layers of O incorporation. This indicates a “sticking point” exists, where 
and energetic barrier must be overcome in order to PdOx to continue growing if O3 were to 
be responsible for PdOx formation. 
Molecular O2 is shown bonding onto Pd(100) and Pd(111), where the PDOS and 
Δρ are shown for 1, 2, and 3 O layers incorporated in Figures S7, and S8, respectively. On 
Pd(100), covalent bonds are formed easily for all layers of incorporation, as evidenced by 
the total DOS in Figure E.7(g). However, bonding appears to be less favored as the amount 
of O increases to 2 and 3 O layers. Interestingly, there is a large increase in Pd d-band 
resonance for 1 and 3 O layers of incorporation, indicating favorable hybridization between 
O2 and the substrate, which is also evidenced by the charge difference shown with each 
respective adsorption condition. For Pd(111),  there is not much difference in covalent 
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bonding or charge transfer for 1 or 2 O layers incorporated. When 3 O layers are 
incorporated, it is accompanied by a large increase in Pd d-band resonance. This indicates 
favorable bonding, which is substantiated by the total DOS shown in (g). This also suggests 
that further decomposition of O2 is predicted on Pd(111) for 3 O layers, which is similar to 
the predicted behavior of O3 on Pd(111) with 3 O layers as well.  
PDOS and Δρ for O adsorbed onto Pd(100) and Pd(111) is shown in Figures S9, 
and S10, respectively. The largest effect on PDOS is seen in O adsorbing onto 3 O layers 
for both Pd(100) and Pd(111), where the Pd d-band resonance is large as well as the total 
number of states in the d-band region. This is clear from the differential charge density 
figures in shown in (f) for both Pd(111) and Pd(100).  
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Figure E.6. Varying levels of O incorporation into the Pd(100) surface and the effect on 
the DOS, PDOS and Δρ for O3/Pd(100). (a), (c), and (e), show the PDOS for 
O3 adsorbing onto Pd(100) with 1, 2, and 3 O layers incorporated, where (b), 
(d), and (f), are the corresponding differential charge density diagrams (Δρ = 




Figure E.7. Varying levels of O incorporation into the Pd(100) surface and the effect on 
the DOS, PDOS and Δρ for O2/Pd(100). (a), (c), and (e), show the PDOS for 
O2 adsorbing onto Pd(100) with 1, 2, and 3 O layers incorporated, where (b), 
(d), and (f), are the corresponding differential charge density diagrams (Δρ = 




Figure E.8. Varying levels of O incorporation into the Pd(111) surface and the effect on 
the DOS, PDOS and Δρ for O2/Pd(111). (a), (c), and (e), show the PDOS for 
O2 adsorbing onto Pd(111) with 1, 2, and 3 O layers incorporated, where (b), 
(d), and (f), are the corresponding differential charge density diagrams (Δρ = 




Figure E.9. Varying levels of O incorporation into the Pd(100) surface and the effect on 
the DOS, PDOS and Δρ for O/Pd(100). (a), (c), and (e), show the PDOS for 
O adsorbing onto Pd(100) with 1, 2, and 3 O layers incorporated, where (b), 
(d), and (f), are the corresponding differential charge density diagrams (Δρ = 




Figure E.10. Varying levels of O incorporation into the Pd(111) surface and the effect on 
the DOS, PDOS and Δρ for O/Pd(111). (a), (c), and (e), show the PDOS for 
O adsorbing onto Pd(111) with 1, 2, and 3 O layers incorporated, where (b), 
(d), and (f), are the corresponding differential charge density diagrams (Δρ = 
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Supplementary information experimental investigation of ALE of Pd (2 and 20 nm 
Pd). 
Power spectral density analysis of topography 
The morphology changes due to thermal sources (i.e., dewetting) and changes 
incurred during the VUV oxidation process are explored using one Pd(20)/p-Si film and 
another Pd(20)/Ti(10)/p-Si film. Pd(20)/p-Si is exposed to 1 Torr of O2 at 200 °C for 45 
min, while Pd(20)/Ti(10)/p-Si is co-exposed to VUV and 1 Torr O2 at 100 °C for 5 min 
(Figure F.1(a) and F.1(b), respectively). Height profiles indicated by dashed lines are 
shown beneath each AF micrograph (Figure F.1(c) and F.1(d)). While the height profiles 
show much variation between the two oxidation conditions, the roughness is minimally 
changed, where the O2 thermal exposure and co-exposure to VUV and O2 have Ra values 
of 15.3 A and 6.3 A, respectively. For a self-affine surface, which these are expected to be, 
plotting the 1D linear power spectral density (PSD) against the spatial frequency yields 
two regions: (1) a horizontal region due to the absence of correlation, and (2) region with 
negative slope, indicating the self-affine nature of the film.1 The intersection of these two 
curves provides a correlation length for the film. The correlation length for O2 thermal 
exposure is 0.381 nm-1 (Figure F.1(e)) , whose reciprocal is 2.6 nm. The intersection of the 
two regions in the PSD shown in Figure F.1(f) indicates a characteristic length > 200 nm. 
A larger AF micrograph would need to be obtained to present this value more precisely. 
The results from the PSD’s indicates Pd(20) exposed to O2 at 200 °C results in a less 




Figure F.1. The same two AF micrographs are shown in Figure 4 of the main text are 
shown here with line scan profiles, as well as 1D linear PSD curves. (a) is of 
Pd(20)/p-Si that has been exposed to 1 Torr of O2 at 200 °C for 45 min, 
while (b) is of Pd(20)/Ti(10)/p-Si that has been exposed to VUV/O2 at 100 
°C for 5 min. (c) and (e) correspond to height profiles shown in (a) and the 
1D linear PSD of the AF micrograph shown in (a), respectively. Similarly, 
(d) and (f) are the height profiles and 1D linear PSD of (b). AF micrographs 
have the same height scale and are 5×5 μm2. 
 225 
APPENDIX G 
 Supplementary information for the ALE of Ru. 
 
XRD Informing the DFT Model 
 Three features in the 2θ-ω scan are show in Figure G.1. The three Ru 
features are located at 38.54°, 42.23°, and 44.008°, which correspond to Ru(100), Ru(002), 
and Ru(101), respectively. These positions correspond to interplanar spacing, dhkl, of the 




Figure G.1. XRD pattern of Ru as sputtered, where the sputtered thickness is measured 
using XRR, and indicated in the figure, above the curve on the left. Three 
Ru features are indicated, Ru(100), Ru(002), and Ru(101), with the 




Structural Results from DFT 
Structural results of DFT calculations (interplanar Ru distances between the nth and 
(n + 1)th layer, dn(n+1), Ru-O distances, dRu-O, O-O distances, dO-O, and adsorbed O height, 
z)  of clean Ru(101) and Ru(002) slabs are listed in Table G.1. Clean Ru(101) and Ru(002) 
exhibit a similar expansion of the lattice as the vacuum/surface interface is approached. 
The interplanar distances contract by -4.68%, and -1.43% for d12, and d23, respectively, for 
Ru(002). This trend is not monotonic for Ru(101), most likely due the fact that the unit cell 
is more complicated. For Ru(101), d12, and d23 change by -4.39%, and 2.68%, respectively. 
This is in agreement with other DFT reports as well.1–4 Bulk (101), and (002) interplanar 
spacing are modeled to be 2.048, and 2.156 Å, respectively. The interplanar spacing of the 
(101), and (002) facet` is measured experimentally as 2.055, and 2.138 ± 0.005 Å, 
respectively. 
Structural results after oxidant adsorption onto Ru are also seen in Table G.1. It is 
important to note that for oxidants that are predicted to dissociatively adsorb (O2, and O3), 
the structural adsorption geometries and energies are calculated from optimization of the 
Ru slab around the initial adsorption event, while freezing all O atoms. This is done as 
continued energy optimization results in dissociation. Examining Ru(002), the adsorption 
height of O decreases with the number of O atoms on the surface, consistent with increased 
repulsion from more O atoms on the surface. 
Adsorbing atomic O onto either the (002) or (101) surface results in expansion of 
near surface layers to accommodate surface O. This is indicated by d12¸and d23 changing 
by 0.1%, and -0.5%, respectively for Ru(002). Similarly, d12 and d23 change by 0.9% and 
1.6% when atomic O adsorbs onto Ru(101). This is consistent with restructuring, and 
expansion of the lattice, to accommodate O, and facilitate formation of RuOx in the near 
surface region. The distance of the Ru-O bond, dRu-O, is 2.01, and 1.90 Å, for (002), and 
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(101) surfaces, respectively. The distance of an Ru-O bond, dRu-O, in RuO2 is calculated to 
be between 1.96 < dRu-O < 2.005 Å. All of which are similar to other DFT reports.5  
 All oxidants have a similar effect on surface restructuring, with O2 exhibiting a 
larger subsurface expansion to accommodate the adsorbing molecule. The interplanar 
spacing d23 is largest at 2.26 for O2 adsorbing onto Ru(002), compared to 2.144, and 2.181 
Å, for O, and O3, respectively. Ru-O bond distances are estimated to be 2.014, 2.019, and 
1.995 for O, O2, and O3, respectively. This is approximately the estimated equilibrium Ru-
O distance for RuO2, which has distances ranging from 1.96 < dRu-O < 2.005 Å.4,5 
O3 adsorption restructures the surface, where the (002) interplanar spacing changes 
by -0.2%, and 1.15%, and the (101) interplanar spacing changes by 2.7%, and 4.0%. The 
final equilibrium height for O adsorbed onto Ru(002) and Ru(101) is calculated to be 1.15, 
and 1.18 Å, respectively, while for O3 it is 1.77, and 1.82 Å, respectively. While there are 
no reports of O3 adsorbing onto Ru surfaces, the results for atomic O adsorption are in good 
agreement with previous reports.1,5,6 We wish to note that, while this report is not meant to 
be an in-depth study of all aspects of the oxidation mechanism of thin Ru films with co-
exposure to VUV/O2 (i.e., configuration, surface diffusion, adsorption sites, stepped 
surfaces, etc.), it is worthwhile to note that O adsorbs to the fcc site on bare Ru(002) 
surfaces, where subsequent O adsorption occurs at the hcp site. A similar case is observed 
for the Ru(101) surface, where rows of ordered O adsorption are predicted rather than 
uniform occupation of surface sites, which is observed experimentally in other reports as 
well.7–9 
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Table G.1. Results of DFT calculations of oxidants O, O2, and O3 adsorbing onto 
Ru(101), and Ru(002). Distances are indicated by letters when the instance 
is indicated between two atoms, and numbers when the distance is between 
planes of a Ru slab. The numbers indicate between which two atom layers 
the spacing refers (i.e., d12 refers to the distance between the n = 1, and 2, 
atomic layers). 
 
Species Surface dO-O (Å) dRu-O (Å) 1z (Å) d12 (Å) d23 (Å) d34 (Å) 
O2  1.223      
O3  
1.278                  
(d∠	=	117.6°) 
     
Ru 002    2.055 2.125 2.156 
Ru/O 002  2.014 1.157 2.156 2.144 2.156 
Ru/O2 002 1.352 2.019 1.533 2.174 2.260 2.156 
Ru/O3 002 
1.551-1.353           
(d∠	=	107.3°) 
1.995 1.777 2.151 2.181 2.156 
Ru 101    1.958 2.103 2.048 
Ru/O 101  1.903 1.184 2.068 2.082 2.048 
Ru/O2 101 1.514 1.972 1.845 1.995 2.073 2.048 
Ru/O3 101 
1.461-1.560        
(d∠	=	99.7°) 
2.046 1.827 2.104 2.131 2.048 
 1z refers to the equilibrium height of the adsorbed species relative to the surface plane of Pd 






Adsorption Energetics onto Bare Ru(101), and Ru(002) 
Adsorption energies of atomic O, O2, and O3 on Ru(002) and Ru(101) are reported 
in Table G.2, and O and O3 adsorption is shown in Figure G.2. Other DFT reports estimate 
adsorption of atomic O on Ru has an adsorption energy of 5.32 –5.37 eV, and 5.15 – 5.26 
eV on Ru(101) with 0.50, and 1.0 ML O coverage,1,3 and 5.64 – 6.28 eV, and 5.52 – 5.43 
eV, and 4.78 – 5.07 eV on Ru(002) with 0.25, 0.50, and 1.0 ML O coverage, 
respectively.1,3,4,10 We find Eads for atomic O on the bare (002) and (101) surfaces is 6.07, 
and 5.63 eV, respectively, in agreement with previous reports. Adsorption is favored on 
the (002) surface, as the hcp site is favored for adsorption with minimal surface 
reconstruction, also observed in results of structural calculations. Adsorption of O2 and O3 
is exothermic, as Eads is 2.40, and 4.67 eV, respectively, on Ru(002), and 3.61, and 3.48 
eV, respectively, on Ru(101). While both molecular species adsorb strongly to both Ru 
surfaces in this study, dissociative adsorption on bare Ru surfaces is energetically favored 
for both O2, and O3, where a surface with 0.50 ML O coverage is predicted for all O2 
adsorption calculations, and a surface with 0.75 ML O coverage is predicted for all O3 
adsorption calculations. Eads of optimized O locations for complete dissociative adsorption 
on Ru(002) is 5.94, and 6.38 eV, for O2, and O3, respectively, and 6.46. and 10.15 eV for 
O2, and O3, respectively, on Ru(101). This indicates, while adsorption precedes 
decomposition, that the Ru surface is efficient at dissociating both O2, and O3, and the 





Figure G.2. Top and views of Ru(002), and Ru(101) 2×2 unit cells with atomic O is 
adsorbed are seen in (a), and (b), respectively. O3 adsorbed onto Ru(002), 
and Ru(101) are seen in (c), and (d), respectively. Surface Ru atoms are 
indicated in both top and side views with a light green spheres, while O 
atoms are smaller red spheres. Silver spheres are Ru atoms. Relevant 
interplanar distances are indicated in (b), which correspond to the discussion 
in the text. 
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It appears the Ru surface can uptake O and this likely results in saturation after a 
short time, which we note is needed for ALE to proceed. This is consistent with other 
reports that demonstrate RuO2 formation with O2 at temperatures > 400 °C,11  and 
motivates the requirement for atomic O to facilitate oxidation of Ru at low temperatures. 
 
 
Table G.2. DFT results for adsorption of O, O2, and O3 on 2×2 Ru(002), and 2×2 
Ru(101). The adsorption energy is shown with the energy normalized to 
number of O atoms shown parenthetically to the right. The reactions are 
indicated in the far right column. Subscripts on O indicate the equilibrium 
site 
Species Surface Cell Eads (eV) Reaction 
Ru/O 002 2×2 6.07 O-g + Ru(002) → O/ Ru(002) 
1Ru/O2 002 2×2 2.40 (1.20) O2-g + Ru(002) → O2*/ Ru(002) 
Ru/O + O 002 2×2 5.94 (2.97) O2-g + Ru(002) → Ohcp + Ofcc / Ru(002) 
1Ru/O3 002 2×2 4.67 (1.55) O3-g + Ru(002) → O3*/ Ru(002) 
Ru/O3 002 2×2 6.38 (2.12) O3-g + Ru(002) → 3O/ Ru(002) 
Ru/O 101 2×2 5.63 O-g + Ru(101) → O/ Ru(101) 
1Ru/O2 101 2×2 3.61 (1.80) O2-g + Ru(101) → O2*/ Ru(101) 
Ru/O + O 101 2×2 6.46 (3.23) O2-g + Ru(101) →Obr + Ofcc/ Ru(101) 
1Ru/O3 101 2×2 3.48 (1.16) O3-g + Ru(101) → O3*/ Ru(101) 
Ru/O3 101 2×2 10.15 (3.38) O3-g + Ru(101) → 3O/ Ru(101) 
1Adsorbed molecular oxidants are indicated, distinct from the energetically favorable 
dissociation to oxygen atoms 




Adsorption Energetics and Structures for O layered Ru systems 
Eads for O2, and O3 adsorbing onto the O layered structures are given in Table G.3, 
where Eads per O atom are shown parenthetically next to Eads. While adsorption is made 
less favorable by the presence of a 2D surface oxide, it is still exothermic, likely owing to 
the tendency to form an Ru surface with 0.75 ML coverage that is observed when O3 
dissociatively adsorbs to clean Ru surfaces (Table G.2). Eads does not monotonically 
decrease, however, as the trend in Eads has a local minimum when 2 O layers are 
incorporated on Ru(002), and when 3 O layers are incorporated on Ru(101). Adsorption of 
O3 is exothermic for all amounts of O layer incorporation, where Eads decreases for higher 
O incorporation. This is likely due to repulsive effects on the surface. 
 
Table G.3. DFT Results of adsorbing O, O2, and O3 onto Ru(002), and Ru(101) are 
shown. The number of O layers is indicated for each Ru slab. Adsorption 
energy, Eads, is shown normalized to the number of O atoms in parentheses 
as well. 
 Ru(101) Ru(002) 
Species n O layers Eads (eV) 
n O 
layers Eads (eV) 
Ru/O2 1 1.72 (0.86) 1 1.60 (0.80) 
Ru/O3 1 2.66 (0.88) 1 2.55 (0.85) 
Ru/O2 2 3.13 (1.56) 2 1.95 (0.97) 
Ru/O3 2 2.58 (0.86) 2 2.31 (0.77) 
Ru/O2 3 1.41 (0.70) 3 1.81 (0.90) 
Ru/O3 3 1.75 (0.58) 3 1.39 (.46) 
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It is also worthwhile to note that, while O3 adsorbs to clean Ru to form a surface 
with 0.75 ML O surface coverage, this appears to be the largest O loading predicted. This 
is evidenced by the dissociative adsorption of O3 to form adsorbed O2 and O. Thus it 
appears that O3 is likely a good source of O for oxidation of Ru, which is consistent with 
other reports of etching of Ru via formation of RuO4,12 however, we note that Ru is not 
etched via RuO4 formation with VUV/O2, so there is likely a pressure or temperature 
dependence of O3 to facilitate RuO4 formation.  
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Figure H.1. (a) RHEED image of the as-deposited BaTiO3 ALD film grown using 200 
ALD cycles. The stoichiometry observed was 51.5:48.5 Ba:Ti. (b) Image 





Figure H.2. RHEED image of a BaTiO3 film that was grown using 150 ALD cycles and 
annealed in oxygen at a partial pressure of 1×10-6 Torr by ramping to 600 
°C at a rate of 20 °C/min, followed by a second ramp to 850 °C at a rate of 
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